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Abstract

Metallic carbon nanotubes are one dimensional conductors that arc both technologi-
cally promising for electronic applications, and scientifically interesting for studying
the physics of low dimensional materials. In this thesis, we present a detailed study
of the inelastic light scattering (Raman) spectrum of individual metallic carbon nan-
otubes, with a focus on the influence of electronic excitations and charged carriers.
We have demonstrated that the frequency and linewidth of certain phonon modes
of metallic carbon nanotubes depend strongly the Fermi energy, because they cou-
ple strongly to low lying electron hole pairs. Next, we report the first experimental
observation of elecironic Raman scattering in carbon nanotubes. This observation
demonstrates that the same electron-hole pairs that participate in damping the opti-
cal phonons of metallic carbon nanotubes, may themselves scatter light, thus giving
rise to an clectronic Raman spectrum. An analysis of the Fermi level and laser energy
dependence of the clectronic Raman and phonon Raman contributions allows us to
explain the asymmetric lineshape of the G-band phonon modes in terms of a Fano
interference. In another experiment, we have shown that the charge-induced cxpan-
sion and contraction of the the graphitic C-C bond length is different for metallic
and scmiconducting nanotubes. Finally, we have measured the Stokes and antiStokes
intensities of the Raman modes in clectrically contacted metallic nanotubes in order
to determine their phonon populations during high-field electrical transport. The
experiments reported here, have helped to clarify the origin of scveral features in the
Raman spectra of metallic carbon nanotubes that have been heavily debated in re-
cent years. These result also shed light on the way electronic excitations and charged
carriers affect the physical properties of metallic carbon nanotubes.

Thesis Supervisor: Jing Kong
Title: Associate Professor






Acknowledgments

The thesis would not have been possible without the help of many people. I would like
to thank my adviser Jing Kong for being an excellent scientific mentor. Most pcople
will agree that Jing is the kindest and most approachable professor that they have ever
met. I have greatly benefited from her patience, knowledge and willingness to help in
any situation. I have also had the opportunity to work under the guidance of Prof.
Mildred S. Dresselhaus. Millie has taught me the importance of understanding the ‘big
picture’ without overlooking the smallest detail. 1 would like to thank Prof. Francesco
Stellacci and and Prof. Nicola Marzari for their helpful feedback as members of my
thesis committee. I would also like to thank Dr. Genc Dresselhaus who over the
years has entertained me with his dark humor, political commentary, and historical
anecdotes.

I have had the opportunity to take part in some very fruitful collaborations. I
would like to thank Prof. Riichiro Saito and and Dr. Ken-ichi Sasaki for their
theoretical guidance without which I would not have been able to understand my
cxperimental results. I am also grateful to Stephane Berciaud and Prof. Tony Heinz
for introducting me to Rayleigh scattering spectroscopy and colloborating closely with
me on the clectronic Raman scattering project. Martin Kalbac has worked closcly
with me on many projects and 1 thank him for all that he has taught me about
electrochemistry.

My thesis work would not have been possible without the help of other students
in our lab. I extend my gratitude to: Hyungbin Son, for building much of our lab
out of scratch and for teaching me intricacies of his Raman system; Alfonso Reina
Cecco and Mario Hofmann for the grucling hours spent developing nanotube growth
recipes that I later used in my project; and Dan Nezich for ’helpful discussions’ about
physics and device fabrication. Finally, thanks to all the members of the the NME
and MGM groups that have contributed to the cooperative and friendly atmosphere

of our lab.






Contents

1 Introduction 15
2 Background 17
2.1 Structure and notation . . . . . . .. ... 17
2.2 Electronic structure . . . . ..o oL oL 18
2.2.1 Density of states . . . . . ..o Lo 22

2.2.2  Optical transitions . . . . . . .. . ... ... ... ... 23

2.2.3 Trigonal warping . . . . . . . .. ... 23

2.2.4 Curvature-induced mini-gap in metallic nanotubes . . . . . . . 25

2.3 Phonon structurc and Raman spectroscopy . . . . . . . . . . ... .. 25

2.3.1 First-order Raman modes: The G-band and the Radial Breath-

ing Mode . . . . . .. 26

2.3.2  Sccond-order Raman modes: the D and G’ bands . . . . . . . 30

3 Phonon Softening in Metallic Carbon Nanotubes 31
3.1 The G-band of metallic carbon nanotubes . . . . . . ... ... ... 31
3.1.1 The Kohn anomaly . . . . ... .. ... ... ......... 34
3.1.2  Fermi level (Eg) dependence of the Kohn anomaly . . . . . . . 35

3.2 Combined clectrochemical gating and in situ Raman spectroscopy . . 37
3.2.1 Nanotubc growth . . . . . . . .. ... o Lo 37
3.2.2  Electrochemical cell . . . . . . . o000 oo 38
3.2.3  Raman spectroscopy . . . . . ... oo e 38

3.3 Softening of the G-band . . . . . . . .. .. o L0 40



3.3.1 G-band lincwidth as a function of Ep . . . . . . . . . . .. .. 42

3.3.2 G-band frequency as a function of Ef . . . . . .. L. 44
3.3.3 Fano lincshape as a functionof Ex . . . . . . . . . ... ... 46
3.3.4 Diameter dependence of the G-band phonon softening . . . . . 46
3.3.5  Summary of the G-band phonon softening . . . . ... .. .. 47
3.4 Softening of the Radial Breathing Mode . . . . . . .. ... ... .. 48
3.4.1 Radial breathing mode frequency as a function of B . . . . . 48
3.4.2 Radial breathing mode linewidth as a function of Ex . . . . . 50
3.4.3 Diamcter dependence of the RBM softening . . . . . . . . .. 53
3.4.4 Chiral-angle dependence of the RBM softening . . . . . . . . . 54
3.4.5 Evidence of small gaps in M-SWNTs . . . .. ... ... ... 56
3.4.6  Summary of RBM softening . . . . ... ... ... ..., .. 56
3.5 Summary ... 56
Resonant Electronic Raman Scattering 59
4.1 Background . . . .. ... .. 59
4.2  Experiments on M-SWNT of known (n,m) indices . . . . . . ... .. 60
4.3 The Electronic Raman Scattering (ERS) feature . . . . . . . . .. .. 61
4.4 Resonant Electronic Raman Scattering . . . . . . .. .. ... ... 63
4.5 Gate-voltage dependence of the ERS feature . . . . . . . .. ... .. 66
4.6 Coupling of the ERS and G-band feature . . . . . .. ... ... ... 67
4.7 ERS as a characterization tool . . . . . . ... ... 72
4.8 Summary . ... e 73

Doping dependence of the G’ peak: metallicity dependent electrome-

chanical coupling 75
5.1 Background . . . .. ... 76
5.1.1 SWNT clectrochemical actuators . . . . . . ... .. ... .. 76
5.1.2 The G’ Ramanpeak . . ... .. .. ... ... ... ..... 76
5.1.3 Dcformation induced frequency shift of the G’ peak . . . . . . 77
5.1.4 Doping induced deformation . . . . . .. ... ... ..., 78

8



5.2 Different charge-induced deformations for M-SWNTs and S-SWNTs . 79

5.3 Discussion . . . . . ... 82
5.4 Recent advances on the doping dependence of the G peak . . . . . . 84
5.0 Summary ... e 85
Phonon populations during high-bias transport 87
6.1 DBackground . . . .. ... Lo o 87
6.1.1 High-field transport in metallic carbon nanotubes . . . . . . . 87
6.1.2  Stokes/antiStokes Raman spectroscopy . . . . . . . ... ... 88
6.2 Device fabrication . . . . . . ... L o 89
6.3 Combined Raman and transport measurements . . . . . .. ... .. 89
6.3.1 Bias induced changes in LO/TO temperatures . . . . . . . . . 90
6.3.2 DBias-induced changes in the resonance window . . . . . . . . . 93

6.3.3 Recent advances in combined Raman and transport measure-

ments on SWNTs . . . . . . . ... 94
6.4 SUMMAry . . . . . . . .o 95
Conclusions 97
7.1 Summary ... ... e 97
7.2 Future Work . . . . . . . . 98



10



List of Figures

2-1

2-2

2-3

[N
|
N

2-5

2-6

2-7

2-8

2-9

2-10

2-11

The construction of a SWNT in terms of the graphene basis vectors a;
and as and the wrapping vector Cy . . . . . . . ...
The real space of reciprocal space lattice of graphenc, illustrating the
important symmetry points . . . . . ..o Lo L

The clectronic band structure of graphene E(k) within the 1st Brillouin

An illustration of how the cutting lines of different mod(2n + m,3)

familics interscet near the K-point . . . . . . . . . ...

20

Cutting lincs and the resulting 1D eclectronic subbands for several SWNTs 21

The density of states of metallic and semiconducting SWNTS

The trigonal warping-induced splitting of the DOS of a family of mectal-
lic SWNTs. . . . . e
The curvaturc-induced minigap of metallic SWNTs as a function of
diameter and chiral angle . . . . . . . . o000
The phonon dispersion and phonon density of states of graphene and
of a SWNT. . . . . . .o
The Gt and G~ components of the G-band and their corresponding
phonon modes for semiconducting and metallic nanotubes. . . . . . .

Theorctical Kataura plot. . . . . . . . .. ... .. ... . ......

The G-band feature of semiconducting and metallic SWNTs. . . . . .
The predicted Fermi level dependence of the LO phonon frequency and
linewidth . . . . . . . . . ..

22

24

25

26



3-3

3-5

3-6

3-8

3-9

3-10

3-11
3-12

4-1
4-2
4-3

4-5

5-1

9-2

a) Schematic diagram of in situ clectrochemical cell. b)and ¢) AFM

and SEM images of SWNTs. . . . . . .. ... ... ... ... ....

The G-band as a function of applied gate voltage Vi for an individual

Gate voltage dependent G-band spectra of a (12,0) zigzag M-SWNT .
Comparison of the experimental frequency and linewidth of the G-band
featurc with theoretical predictions. . . . . . . . . . ... ... ...
G-band phonon softening for M-SWNTs of different diameters . . . .

The radial breathing mode as a function of applied gate voltage Vi for

an individual M-SWNT. . . .. ... ...

Comparison of the gate dependent frequency and linewidth of G-band
and RBM modes of a M-SWNT. . . . .. ... ... ... ... ....

Theorctical prediction of the frequency of a (13,4) M-SWNT as a func-

tion of the Fermi level. . . . . . . ... ... .. L.
Diameter dependence of the RBM mode softening. . . . . . . . . . ..

Chiral angle dependence of the RBM mode softening. . . . . . . . . .

Comparing the spectra of a metallic and a semiconducting nanotube.
Following the ERS featurc as a function of laser energy. . . . . . . ..

Schematic of resonantly cnhanced electronic Raman scattering in an

armchair M—SWNT. . . . . ... ...
Quenching the ERS feature by Pauli blocking electronic excitations. .

The G-band lincshape as a function of laser energy. . . . . . . . . ..

The phonon dispersion of graphene showing the segment of the iTO
branch from which the G’ peak originates. . . . . . . .. ... .. ..
The G-band and G’-band fcatures of M-SWNTs as a function of gatc

voltage. . . . . oL e
Different behaviors of SSSWNTs as a function of gate voltage.

Mapping of the different G’-band bchaviors onto the Kataura plot. . .

12

45
47

49

52

53
54
55

62
64

66
68
71

7

80
81
83



6-2

6-3

6-4

6-5

6-6

A scanning clectron micrograph of the a M-SWNT contacted by source
and drain clectrodes . . . . ..o
Current, G-band Stokes spectrum ,and G-band antiStokes spectrum as
a function of drain-source bias. . . . . ... ... L.
The Stokes G-band spectrum of a M-SWNT fitted to two peaks. . . .
Temperatures of the LO and TO phonon modes. . . . . . . ... ...
The LO and TO frequencies and linewidths as a function of bias voltage
for the same M-SWNT as Fig. 6-3. . . . ... .. .. ... ......
Change in the RBM resonance Raman profile of a S-SWNT as a func-

tion of bias voltage. . . . . . . . ...

13

92
92



14



Chapter 1

Introduction

A carbon nanotube is cylinder of sp? carbon whose radial dimension is on the order of
a nanomcter. Within a diamecter range of Inm < d; < 2nm, there are 151 unique
ways that a scamless cylinder can be constructed, cach of which gives rise to a unique
clectronic structure. The diversity of physical bchaviors arising from the subtlest
differences in structure is what makes carbon nanotubes so intcresting and challenging
to scientists and what has, so far, plagued their technological adoption. While cach
nanotube specics is unique, their clectronic propertics fall into two categories, metals
and semiconductors. Metallic nanotubes are similar to semiconducting nanotubes
with the addition of mobile carriers and low energy cxcitations.

To physicists, mctallic carbon nanotubes arc interesting because they are onc of
very few accessible 1D metals. Since a nanotube is constructed from a rigid graphene
backbone, it is not susceptible to Pcierls instabilitics, as a truc 1D metal should be.
Nonctheless, clectrons in SWNTs occupy a single one dimensional clectronic band
cven, at room temperature. Recent observations of intcrest in the metallic carbon
nanotube literaturc include a Mott insulating state, an exciton in a metal, and strong
Kohn anomalics in the phonon dispersion. From a technological perspective, metallic
carbon nanotubces arc sought out for their low resistance and high current carrying
capacity for both clectronic interconnect and conductive composite applications. For
these potential applications an understanding of the scattering mechanism for current

carrying carricrs is paramount.
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Raman spectroscopy has emerged as the most useful tool for characterizing car-
bon nanotubes, mostly because it can reveal the detailed structure of the carbon
nanotube. Howcver, Raman spectroscopy provides far more information that simply
the structure. For instance, this spectroscopic technique can be used to gain informa-
tion about nanotube metallicity, strain, doping and temperature with a simple optical
mcasurement. In this thesis, we usc Raman spectroscopy as a primary tool and com-
bine it with methods developed for studying clectron transport and clectrochemistry
to lcarn about how clectrons interact with vibrations (through the electron-phonon
intcraction) and with other clectrons (through the Coulomb interaction) as well as
with the lattice.

This thesis is organized as follows: Chapter 2 provides an introduction to the
physical structurc and the clectronic and vibrational properties of carbon nanotubecs.
In chapter 3, we discuss Fermi level-dependent Raman measurements that shed light
on the way that clectronic cxcitation interact with vibrational modes of metallic
SWNTs. Next, in chapter 4, we provide evidence of these same clectronic excitations
scattering light and giving rise to an electronic Raman spectrum. Chapter 5 addresses
the differences between metallic and semiconducting nanotubes in the context of
charge-induced lattice deformation. Chapter 6 is a study of how cnergy is transfered
to phonons when large currents arc passed through a SWNT. We conclude a summary

and suggested future work in Chapter 7.
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Chapter 2

Background

This chapter introduces clements of the physical propertics of carbon nanotubes that

arc nccessary in order to follow the experimental results presented in the thesis.

2.1 Structure and notation

A carbon nanotubc is a scamless cylinder of graphene, a two dimensional hexagonal
lattice of sp? bonded carbon. There are a number a ways that a graphene shect could
be rolled up to yicld a closed structure. These structures can be described by the
wrapping vector,

C, = na; + mas,, (2.1)

which is depicted in Fig. 2-1. Here, (ag,ag) arc the unit vectors of the graphenc
lattice and (n,m) are integer indices that uniquely define the structure of a SWNT
[1]. The structure may also be described in terms of its diameter d, and chiral angle

# given by,

dy = Cy /7 = V3ace(m? + mn 4+ n?)"? /x (2.2)

0 = tan ' [V3m/(m + 2n))). (2.3)
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Figure 2-1: An illustration of the wrapping vector, C}, used to describe the structure
of a SWNT in terms its basis vectors a; and az [2].

Carbon nanotubes with (n,m) indices of the form (N,0) have § = 30° and are
referred to as zigzag nanotubes, while those of the form (N, N) have § = 30° and
are referred to as armchair nanotubes. Zigzag and armchair nanotubes are achiral
nanotubes, while SWNTs with chiral angles 0 < 8 < 30°, are referred to as chiral

nanotubes.

2.2 Electronic structure

Many of the clectronic properties of SWNTs stem from those of graphene. Graphene
has a hexagonal Brillouin zone with two inequivalent vertices called the K and K’
points. The zone center is called the I" point and the midpoint of K and K" is the M
point (sce Fig. 2-2). A simple tight binding calculation [1] of the electronic structure

of graphene yields the following:

w(k) = i%\/(l + 4cos( ﬁ;:xa)cos(%) + 40032(%7&)) (2.4)
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Figure 2-2: The real space of reciprocal space lattice of graphene, illustrating the
important symmetry points [2].
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Figure 2-3: The electronic band structure of graphene E(k) within the 1st Brillouin
Zone

which captures the important features of the electronic dispersion, namely that the
conduction and valence bands touch each other at the vertices of the hexagonal Bril-
louin zone, as shown in Fig. 2-3. Around these points, the dispersion relation for the
electronic bands are linear in wavevector k, resulting in two cones.

To first order, the electronic structure of SWNT can be obtained by imposing
periodic boundary conditions on the electronic wavefunctions along the circumference
of the nanotube. This results in a discretization of states in the circumferential
direction, and reduces the phase space to a series of lines, as show in in Fig. 2-

5 a), whose spacing is inversely proportional to the SWNT diameter d;, and whose

19
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Figure 2-4: An illustration of how the cutting lines of different mod(2n+ m,3) familics
intersect near the K-point [2]. When a cutting line intersects the K or K’ point, a
metallic nanotube results.

orientation with respect to the Brillouin zone depends on the chiral angle 6. The
resulting one-dimensional clectronic band structure of SWNT is then comprised of a
serics of conical cross scctions. These cuts in phase space are referred to as ‘cutting
lines” [1]. When a cutting linc intersects with the K or K’ point, the resulting 1D
subbands are lincar bands that intersect at the Fermi level. Those cutting lincs
which interscct the Dirac cones away from the corners of the Brillouin zone result in
hyperbolic subbands whose conduction and valence band are scparated by a gap. It
can be shown, that nanotubes which satisfy the conditions mod(2n + m,3)=0, have
a cutting linc that intersects the K-point. Thesc SWNTs are referred to as metallic
nanotubes because their lincar band structure does does not have a bandgap at the
Fermi level. Those tubes satisfying mod(2n + m,3)==+1 have hyperbolic bands and
bandgaps and are referred to as semiconducting nanotubes. The intersections of the
cutting lines near the K-point for the 3 types of nanotubes are illustrated in Fig. 2-4.
In Fig. 2-5, we show the cutting lines and calculated band structure for an armchair
metallic tube Fig. 2-5 a), for a zigzag mctallic tube Fig. 2-5 b) and for a zigzag

semiconducting tube 2-5 c).
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Figure 2-6: The clectronic structure (left) and corresponding density of states (right)
for a) a metallic nanotube, and b) a semiconducting nanotube.

2.2.1 Density of states

In one dimension, the density of states (DOS) at the vertex of a parabolic band is
singular and falls off as 1/v/E. The resulting asymmetric spike in the DOS is referred
to as a van Hove singularity (VHS). The DOS for a lincarly dispersive band is a
constant. Figure 2-6 illustrates the DOS of semiconducting and metallic nanotubes.
The DOS of semiconducting nanotubes, contains a series of VHSs corresponding to
the band edges of each hyperbolic band. In the case of metallic nanotubes, there is
a constant DOS at low energies that is followed by VHSs for each of its non linear

bands [1].
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2.2.2 Optical transitions

The large density of states at the edge of cach hyperbolic band result in resonant
optical transitions between these states. In a semiconducting nanotube, a transition
cnergy from the i valence band to the j** conduction band is referred to as E;;. Dipole
sclection rules dictate that, for light polarized along the axis of the nanotube, only
transitions between the corresponding VHSs in the conduction and valence bands
(i = j) arc permitted [1]. Thercfore, a scmiconducting nanotube has a serics of
strong optical absorptions peaks corresponding to transition across corresponding
VHSs. These transitions are referred to as S;; or Eg . In metallic nanotubes, optical
absorption across the linear bands is dipole forbidden by symmetry; however, the
higher hyperbolic bands behave similarly to those of semiconductors regarding optical
transitions. Thesc transitions arc interchangcably referred to as M;; or EM.

When many-body interactions arc taken into account, the optical transitions of
S-SWNTs are found to excitonic with binding energies of ~ 0.5¢V. For M-SWNTs
the M;; transition are also excitonic with binding energies of ~ 50meV [3, 4] . Most
of the physics presented in this thesis, however, can be understood within the simpler

band-to-band transition picture described above.

2.2.3 Trigonal warping

When the electronic bands of graphene are assumed to be conical, the two equidistant
cutting lines on either side of the K-point give risc to degenerate subbands that con-
tribute to the first van Hove singularity in the DOS. Away from the Dirac point, the
band structure deviates from its conical shape, becoming gradually more triangular.
This results in a splitting of the M;; VHS because the two equidistant subbands can
now have different minima. This effect, called trigonal warping, is illustrated in Fig.
2-7. Here we sce that the angle between the cutting lines and the symmetry axis
of the K-point, affect the amount of splitting [5]. The splitting between the upper
and lower parts of the VHSs, denoted M and M;;

(R

is greatest for zigzag mcetallic

nanotubes and is absent for armechair metallic nanotubes.
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Figure 2-7: The DOS of several metallic nanotubes of different chiral angle showing
the splitting of the VHSs due to trigonal warping. The effect is strongest for the
zigzag tube (18,0) and is absent of the armchair tube (10,10) [5].
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Figure 2-8: The magnitude of the curvature-induced minigap in metallic nanotubes as
a function of the diameter and chiral angle [6]. The gap is largest for small diameter
zigzag nanotubes.

2.2.4 Curvature-induced mini-gap in metallic nanotubes

In the zone folding scheme, all nanotubes satisfying mod(2n+ m,3)=0 are completely
metallic; that is, their conduction and valence bands touch ecach other at the Fermi
energy. When the curvature of the M-SWNT is taken into account, the strain in the
radial direction causes the K-point to shift away from the cutting line, giving rise to
a small gap [6]. The magnitude of the gap E,,, depends on the chiral angle and is
given by:

E, i cos(36) (2.5)

gap — ?t
This gap is greatest in zigzag nanotubes because the radial strain causes the K-point
to move perpendicular to the cutting lines. Conversely, Eg,, is absent for armchair
nanotubes because the K points move along the cutting line. Fig. 2-8 illustrates the

magnitude of the gap as a function of the diameter and chiral angle.

2.3 Phonon structure and Raman spectroscopy

The phonon structure of graphene, plotted in Fig. 2-9 a), contains 3 optical and 3

acoustic branches. Again, by restricting the reciprocal lattice space to the cutting
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Figurc 2-9: Phonon dispersion and phonon density of states and for graphenc a) and
b) and a SWNT c¢) and d) [2]

lines that are defined by the nanotube wrapping vector, a good approximation of the
phonon dispersion of SWNTs can be obtained. Fig. 2-9 ¢) show the resulting 6N
phonon branches for a SWNT with N cutting lines.

2.3.1 First-order Raman modes: The (G-band and the Radial
Breathing Mode

Raman scattering is the inclastic scattering of light by elementary cxcitation of a
material. Raman scattered photons will have cither lost or gained energy to an
excitation. These two scattering processes are referred Stokes and antiStokes Raman
scattering, respectively. Some clementary excitations that may Raman scatter light
include phonons, individual and collective electronic excitations and magnons. Here
we will describe some of the features of the Raman spectrum of carbon nanotubes
associated with phonon excitations. A first-order Raman process involves scattcring
by a single phonon. Only phonons from the I' point (¢ = 0) can participate in such
a process becausc a photon can not compensate for any change in momentum. Two
I-point Raman modes that are relevant to this thesis are the G-band and radial

breathing mode.
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(a) The G-band

The G-band, situated around ~ 1600cm !, corresponds to C-C stretching modes at
the I' point [2|. In graphene the G-band is a single pcak composed of the degener-
ate longitudinal optical (LO) and an in-planc transverse optical (iTO) modes. The
degeneracy at the I' point of the two LO and iTO modes is lifted due to curvature
and confinement effects leading to modes that are associated with bonds in the axial
and radial dircctions. From zone folding of the LO and iTO modes we obtained each
of these branches leads to N branches for a SWNT. However only three of these,
namcly thosc with A, E; and E, symmetries are Raman active [2]. For incident
and scattered light that is polarized along the axis of the SWNT, only modes with A
symmctry contribute to the intensity. Thercfore, in practice, we can treat the G-band
as having only two components. Namecly, the LO and the TO modes are the modes
which contribute the dominant intensity to the Raman spectra. Experimentally, two
peaks, referred to as GT and G, are observed in the G-band, as illustrated in Fig.
2-10. For semiconducting nanotubcs, the Gt and G~ are assigned to the LO, and TO
modes, while in metallic nanotubes the assignment is the opposite [7]. The details

giving risc to this discrepancy arc discussed in Chapter 3.

(b) The Radial Breathing Mode

The radial breathing mode (RBM) corresponds to the in-phase motion of all of the
atoms in the radial dircction. The corresponding modc in graphene is the out-of-planc
bending mode, which is an acoustic phonon. However, the radial breathing mode of
nanotubes is an optical phonon with frequencics in the range of 100—300 cm ! at the T’
point and can thus give rise to a first-order Raman feature. The RBM is an important
mode, because of its inverse relationship to the nanotube diamecter. Due to substrate
and solvent interactions, an additional constant is required to cxperimentally match

the RBM frequencies with the SWNT diamecter [2]. The relation takes the form:

C
WRBM — El + ¢y (26)

27



Intensity (A U]

1450/1500 1550 160C W50 1700

Reman Shift cm

Figure 2-10: The Gt and G~ components of the G-band and their corresponding
phonon modes for semiconducting and metallic nanotubes (7).
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Figure 2-11: Kataura plot. Optical transition energies as a function of the RBM
frequency. Red, blue and green markers correspond to metallic, mod(2n + m,3)=1
and mod(2n + m,3)=-1 nanotubes, respectively

where the constant ¢; depends on the elastic constants of sp? carbons and ¢; depends

on environmental effects [8].

The Raman signal of nanotubes is strongly enhanced when the excitation en-
ergy corresponds to one of the optical transition energies. By finding the resonant
energies of a nanotube using a tunable laser source, combined with the diameter in-
formation obtained from the RBM frequency, the (n, m) indices of the SWNT can be
obtained [2]. Figure 2-11 is a Kataura plot, which maps out every (n, m) nanotube in
terms of its optical transition energies and its corresponding RBM frequencies. Since
the (n,m) of each data point is known, by mapping an experimentally measured
SWNT wgrpm onto this plot, the transition energy E;; and electronic structure can be

estimated.
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2.3.2 Second-order Raman modes: the D and G’ bands

Sccond-order Raman modes arc those that originate from a phonon with a finite
momentum (g # 0). The most studied double resonant fecatures are the D and G’
bands, which both involve the iTO phonon near the K-point. In order to conserve
momentum a sccond scattering event is required. This momentum can be compen-
sated through scattering by a defect, which is the casc for the defect-activated D
band featurc. Momentum can also be compensated for the same phonon with and
cqual and opposite momentum, as in the case of the G’ band [9]. For a particular
SWNT, the phonon wavevector that satisfies these conditions depends strongly on
the clectronic structure and excitation energy that is used. Since the dispersion of
the iTO peak ncar the K-point has a slope (Fig. 2-9), the frequencies of the D band
and G’ band features also depends on the electronic structure [9] of the SWNT.
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Chapter 3

Phonon Softening in Metallic

Carbon Nanotubes

In this chapter we investigate the coupling between phonons and electronic excita-
tions in metallic carbon nanotubes. We begin by addressing the G-band Raman
peak which, for years, has been known to exhibit a broad linewidth, a downshifted
frequency, and an asymmetric lineshape in comparison to the G-band of S-SWNTs.
By changing the occupancy of the linear clectronic bands, we are able to block some
of the clectronic transitions that couple to the G-band, thereby suppressing the fre-
quency renormalization and lifetime broadening brought about by this coupling. We
then extend the study to the radial breathing mode phonon and show that it too
experiences an, albeit weaker, energy renormalization but, in contrast, no lifetime

broadening,.

3.1 The G-band of metallic carbon nanotubes

As discussed in chapter 2, the G-band can typically be fit to a higher and a lower en-
ergy component denoted as the Gt and G~ peaks [1]. The strongest contributions to
the G-band arc the A symmetry LO, and TO phonon modes whose atomic displace-
ments are approximately oriented in the axial and radial directions [1], respectively,

as illustrated in Fig. 3-1 ¢). Due to the curvaturc-induced softening of the radially
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oriented bonds, the TO mode is cxpected to have a lower phonon enecrgy than the
LO mode. For this rcason, the G* and G features of S-SWNTs are associated with
the LO and TO modes, respectively [1]. While the same radial bond softening is
expected for M-SWNTs, the LO/TO assignment is opposite to that of SSSWNTs for

rcasons that will be discussed below [7].

Figurcs 3-1 a) and b) show the G-band spectra of an S-SWNT and an M-SWNT.
Both peaks in the spectrum of the S-SWNT have a linewidth of approximatcly

! and the GT pcak cxhibits a much larger intensity. The lineshape of the

10 cm—
mctallic G-band is strikingly different from that of the S-SWNT. The G~ peak for
the M-SWNT is very broad, its frequency is significantly downshifted and it is skewed
toward lower wavenumbers. Several works [10, 11, 12] have found that this peak fits

better to a Breit-Wigner-Fano (BWF) lineshape,

[(q-T + (w —w,)]’

]BWF — Io
() (W —w,)? +T?

, (3.1)

than a Lorentzian profile. Further, in contrast to the spectrum of S-SWNTs, most of
the integrated arca of the metallic G-band is contained in the G~ peak, with the G

often being lost in the tail of the G~ feature.

Until recently there have been a number of conflicting experimental results pertain-
ing the lincshape of the metallic G~ peak . The degree of broadening and asymmetry
that has been reported is inconsistent across various works. Oron-Carl ct al. [13]
report that the G-band can be simply fit to two Lorentzian peaks, without using a
BWF lineshape. Others [11] find that the broad asymmetric G~ feature is cnhanced
only in bundles, that it increascs with bundle size and that it vanishes in the limit of
an individual metallic nanotube. However, in 2007 Wu et al. [12] show that bundling
is not a requirement for observing the broad G~ feature. By studying of the G-band
of truly isolated metallic nanotubes whose (n, m) indices were assigned using Rayleigh
scattering spectroscopy, Wu ct al. reported that the broadening and asymmetry of

the G-band are intrinsic featurcs of isolated M-SWNTs .
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Figure 3-1: a) and b) G-band spectra of a semiconducting and a metallic carbon
nanotube, respectively. ¢) the atomic displacements of the LO and TO modes [7]. d)
the phonon dispersion of a metallic nanotube when showing a Kohn anomaly for the
LO mode at the I-point [7]
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3.1.1 The Kohn anomaly

The physical origin of the G-band lineshape of M-SWNTs has also been a debated
topic. Secveral carlier works proposed that the broad and asymmetric lineshape of
the G~ peak ariscs from a coupling between the TO mode and a low energy plasmon
[10]. These theories were only able provide a qualitative explanation of the observed
lineshape and its diameter dependence. Morcover, in order for the phonon-plasmon
coupling satisfy the conservation of momentum, an extrinsic compensating momen-
tum would to be provided by defects or bundling. This requircment contradicts the
observation of the broadenced feature in pristine isolate M-SWNTs [12]. In 2002
Dubay ct al. [14] proposed that the LO mode is softened by a ‘Peicrls-like’ mech-
anism, whereby the displacement of the phonon reduces the cnergy of the valence
clectrons in the vicinity of the Fermi level. Their result suggested that the lower
encrgy G feature should be assigned to the softcned LO mode rather than to the
TO mode. Piscance et al. [7] later calculated the phonon dispersion of M-SWNTs
and found that there is a sharp kink in the phonon dispersion of the LO mode at
the I' point, which they refer to as a Kohn anomaly (KA) shown in Fig. 3-1 d).
Both the Kohn anomaly and the ‘Peierls like’ mechanism describe the same physics

of vibration that is softcned by coupling to electrons ncar the Fermi surface.

Kohn anomalics occur for phonons whose displacements perturb the cnergy of
the clectrons at the Fermi surface. These clectrons are able to rearrange themsclves
to screen the ions, thereby softening the vibration. The manifestation of the Kohn
anomaly is a kink in the phonon dispersion at ¢ = 2kp. As the dimensionality of the
system is reduced, the kink becomes more pronounced. In one dimensional systems,
the kink becomes a logarithmic singularity due to Fermi surface nesting [15]. The
Kohn anomaly is considered to be a precursor to a static ‘Peicrls distortion’ which

occurs when the frequency of the phonon is driven to zero [15].
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3.1.2 Fermi level (Er) dependence of the Kohn anomaly

Several works have calculated changes to the frequency and linewidth of the LO mode
due to the Kohn anomaly. This was done by using sccond order perturbation theory
to compute corrections to the phonon sclf energy. It has recently it has been shown
[16, 17] that non-adiabatic effects, must be considered to fully capture the electron-
phonon coupling in SWNTs. This is done by taking the energy of the phonon into
account in the perturbation theory. The softening of the LO phonon frequency can
be thought of as an energy renormalization due to the creation of intermediate virtual
electron-hole pairs [16, 17] across the lincar clectronic bands. The resonant creation
of a real electron-hole pair also leads to a lifetime broadening of the phonon. The
corrections to the frequency and linewidth are computed by performing a sum over
individual contribution of each e-h pair to the energy renormalization and lifetime

broadening of the phonon.

As depicted in Fig. 3-2 a), changing the occupancy of the electronic bands will
block clectronic cxcitations with E, < 2|Ep|, thereby limiting the e-h which may
contribute to the interaction. There shifting the Fermi energy away from the Fermi
point will gradually suppress the cnergy renormalization and lifetime broadening of
the phonon as more e-h excitation are Pauli blocked. The Fg dependence phonon
frequencies in M-SWNT has been calculated in a number of works [16, 17, 6], however
in this chapter we compare our work to the predictions of Sasaki ct al. [17, 18, 6]. In
Figs. 3-2 b) and ¢) we show the frequency and linewidth of LO phonon for a (10,10)
M-SWNT. The blue curves are the predictions for T = 0 K and the red curves are
for T = 300 K. The main features arc 1) a broadening window |Er| < hwro/2
within which the LO phonon can decay into a recal c-h pair and 2) two singularitics in
the frequency at By = xhwro which correspond to a resonance between LO phonon

cnergy and the e-h encrgy of excitation from the Fermi surface.

In this chapter, we report on experiments in which we have tuned the Fermi level
of M-SWN'T's while measuring their Raman spectra. In the first half of the chapter we

present results on the Fermi level dependence of the frequency, linewidth and lineshape
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Figure 3-2: a) A schematic depicting virtual e-h pairs that contribute to the frequency
renormalization and lifetime broadening of the LO phonon. Only e-h pairs satisfying
E._y > 2|Er| may contribute. b) and ¢) The calculated frequency wyo and linewidth
I'Lo of the LO mode as a function of Eg. Calculations are taken from [6].
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of the G-band. In the second part we cxtend this analysis to the radial breathing
modc (RBM) which has also been predicted to be softened due to an interaction with

e-h pairs [18].

3.2 Combined electrochemical gating and in situ
Raman spectroscopy

We sought to modulate the Fermi level of individual M-SWNT's in a geometry that
would permit us to simultancously collect their Raman spectra. Being able to control
the Er using a gate voltage allows us to follow gradual changes in the Raman spectrum
while keeping all other experimental conditions constant and without having to move
the sample. In order to efficiently modulate EFr on both sides of the Dirac point,
we used clectrochemical gating to induce charge on the M-SWNTs. Electrochemical
gating is able to achieve a very high gate efficiency by creating an electric double-layer
capacitor at the interface between the nanotube and an clectrolyte [19, 20]. Figure
3-3 a) is a schematic of the on-chip electrochemical cell that is used. SWNTs are
grown, as described below, on a SiO3/Si substrates, and subsequently, a 30nm Au
ground clectrode with a Cr adhesion layer was evaporated on half of the substrate to
form, along with the nanotubes, the working clectrode of the clectrochemical cell. A
transparent clectrolyte is deposited on top of the nanotubes, and is contacted by a
reference and a counter clectrode see Fig. 3-3 a). In some of the carlier experiments,

a simpler two electrode setup was used in the electrochemical cell.

3.2.1 Nanotube growth

Two different types of CVD growths were used for this study owing to the fact that
the experiments took place over scveral years during which time growth methods were
improved in our rescarch group. In carlier experiments the SWNTs were randomly
oriented and on the order of several to tens of microns long, whereas in later exper-

iments, the aligned nanotubes were hundreds of microns long. In Fig. 3-3 b) and ¢)
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we show an AFM image and an SEM image of the randomly oriented and aligned
nanotubes, respectively. The randomly oriented SWNT's were grown using dispersed
catalytic ferritin nanoparticles [21], and methanc was used as the hydrocarbon source.
The SWNT density was kept high cnough to create a network of tubes that are con-
nected to the ground clectrode, but low enough to be able to obscrve spectra from
individual tubes with a laser spot sizc of ~ 1pym. The long aligned nanotubes were
grown using an FeCl; cmulsion for the catalyst [22] and ethanol as the hydrocarbon
source. There arc scveral practical advantages to using aligned SWNTs, including the
fact that the laser polarization can be aligned with all of the SWNTs on the sample,
and the fact that nanotubes of interest can be located and returned to with a simple
lincar scan of the sample. After evaporating a Au electrode on half of the sample,
all of the SWNTs are guarantced to be contacted even hundreds of microns away
from the clectrode, while in the casc of the randomly oriented nanotubes only those

nanotubes in the immediate vicinity will be contacted.

3.2.2 Electrochemical cell

In order to get a high gating efficiency and stability at voltages greater than 1V, we
used a molten polymer clectrolyte similar to clectrolytes used in Li ion batteries. The
clectrolyte recipe was adapted from [19, 20] where clectrochemical gating was used to
make nanotube field effect transistors. A 1:2 solution of LiClO, salt/and polycthelyne
oxide (3000MW) was used with methanol as a solvent which was cvaporated off in
an oven after the electrolyte was applied to the sample. The clectrolyte absorbs little
light in the visible light spectrum and has a Raman spectrum that docs not interfere

with the SWNT pecaks of intcrest.

3.2.3 Raman spectroscopy

Raman spectra were taken in a backscattering geometry using a 100x objective to
focus the M-SWNT's through the transparent electrolyte. A ~ lum laser spot was
scanned along the edge of the ground electrode in scarch of M-SWNTs (based on the
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Figure 3-3: a) Schematic diagram of the experimental setup. The excitation laser
shines through the PEO/LiClO, polymer clectrolyte. b) An AFM image indicating
that the nanotubes arc spaced out and are typically isolated from one another. c)
SEM image of long aligned SWNTS
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radial breathing mode (RBM) frequency or the G-band lineshape). Once the desired
SWNT was located, a serics of spectra were taken, while sweeping the gate voltage.
Raman modes of the clectrolyte (1450ecm ™' and 1485cm ') are also present in the
spectral region of interest and can overlap with the tail of the broadened G-band.
However, these peaks are independent of the applied gate voltage Vi and arc easily

distinguished from the G-band signal.

3.3 Softening of the G-band

Figurc 3-4 a) is a representative map of the G-band intensity of a M-SWNT as a
function of the gate potential Vi;. Here we sce a very drastic change in G~ frequency
and lincshape as a function of gate voltage. The G~ peak shifts almost symmetrically
about Vg, =1.2V (Fig. 3-4 a) while the frequency of the G* peak remain constant
low gate voltages, and upshifts only slightly at higher gate voltages. The gate voltage
V4, corresponds to the charge neutrality point (i.c., the band crossing point), and its
value is offset from zero, partly because of ambient doping from oxygen or perchlorate
ions, and partly because, in this measurement, a reference clectrode was not used.
In later experiments, when using an Ag reference clectrode, V,, is found to be much
closer to zero.

The G-band spectra for the same nanotube, at cach valuc of Vi, are shown in Fig.
3-4 b). Here we sce that at Vg, the G~ peak has the lowest frequency (1550cm™")
and amplitude, as well as the greatest full-width at half maximum (FWHM) (68cm ™)
linewidth. When the gatc voltage is moved below or above Vi, , the G~ pcak frequency
increascs, its linewidth decrcases, and the peak lincshape becomes increasingly similar
to the G-band of S-SWNTs (Fig. 3-4 b).

In the above mentioned spectra, there are two distinet peaks whose evolution
can be followed at cach valuc of Viz. In gencral, the G-band of SWNTs band can
contain up to six components corresponding to TO and LO phonon modes, cach
with cither A, E; or Ey symmetry [24]. The A symmetry modecs typically make the

largest contribution to the intensity [25] and therefore we assign the G* and G~ peaks
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Figure 3-4: a) G-band intensity map vs. applied gate voltage Vi for an individual M-
SWNT. b) G-band spectrum, for the same nanotube as in a), taken at the indicated

Ve values. [23]
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to the A-symmetry LO and TO modes, respectively. In some nanotubes, however,
there are multiple overlapping peaks in the G-band spectrum, making it difficult to
unambiguously fit the spectrum as a function of Vi [26]. Gaur ct al. [27] show
that extra peaks in the G-band of M-SWNT corrclate with intensity of the disorder
induced D-band. In our experiments we have focused M-SWNT with no appreciable
D-band, and only two pecaks in the G-band.

In Fig. 3-5 we show the Vi dependent spectra of a M-SWNT whose G-band is
comprised of a single broad peak. This M-SWNT, excited at E;, = 2.33 ¢V has
an RBM frequency of 250 cm—1 and can therefore be assigned to a (12,0) zigrag
M-SWNT. The TO mode is known to be absent in the Raman spectrum of zigzag
nanotubes, which is consistent with the single broad peak that we obscrve in the
G-band of this (12,0) tube. We fit the single peak using a BWF profile (3.1) and
compare the Vg dependent frequencies and linewidths with those predicted by Sasaki

et al. [17] using time dependent perturbations theory.

3.3.1 G-band linewidth as a function of Fp

The linewidth of the LO mode can be separated into a intrinsic term I', and a gate
dependent electron-phonon coupling term I',_,(V). The intrinsic linewidth, which
includes contributions from phonon-phonon interactions and inhomogeneous broaden-
ing, is taken to be ~ 10 cm ™. As a function of the Fermi level, I'._, only contributes
to the total linewidth within the broadening window defined by |Ex| < hw/2. Within
this window, the LO phonon is able to decay into an c-h pair of the same encrgy, and
therefore its lifetime is decreased [28, 17]. At finite temperatures, the boundaries of
the broadening window arc smeared by the Fermi function. Figure 3-6 a) shows the
experimentally determined linewidth of the (12,0) M-SWNT as a function of Vg, as
determined from fitting the G-band to a BWF lincshape. On the same plot we have
overlaid the theoretical prediction for the total linewidth o = Ie—p(Vg) +T,. By
scaling the Vi, such that the width of the broadening window is set equal hw; o, we
are able to estimate the gate efficiency as being &« = 0.23 ¢V/V. The magnitude of

the broadening window, has not been scaled, and only depends the diameter the M-
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Figure 3-5: The G-band spectra of a (12,0) zigzag M-SWNT at various values of gate
voltage V.
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SWNT which was determined from its RBM frequency. The broadening window that
we observe, is a signaturc of the nonadiabatic contribution to the Kohn anomaly. The
quantitative agrecment of the experimental linewidth is confirm that the nonadiabatic

contributions to the phonon softening in M-SWNT's should not be neglected.

3.3.2 G-band frequency as a function of Ey

In Fig. 3-6 b), we plot the fitted frequencies of the LO mode as a function Vg overlaid
with the predicted corrected frequency hiwpo = hw, + hw._,. We usc the same Ep
scalc as for the linewidth and we have taken omega, to be 1610 cm™!. Overall, the
experimental frequency is in reasonable agreement with the predicted values, however
we do not observe the two minima located at thwpp. At T = 0, these minima
devclop into logarithmic singularities. The thermal distribution of carriers at room
tempcerature smooths out these singularities, however the two minima should still be
obscrvable in a pristine nanotube, based on the calculation performed at T = 300K.
Recently, these minima have been observed in very clean suspended M-SWNT's that
were clectrostatically gated [29]. We attribute the absence of these minima in our
data to inhomogencous charging from the clectrolyte, as other charge inhomogeneities

from the substrate.

The frequency of the LO mode is slightly asymmetric about Ep = 0. We attribute
this asymmetry to two possible mechanisms. Firstly, the gate efficiency o may not be
equal on the hole doping and electron doping side, since different ions arc participating
in the charging of the nanotube. The sccond mechanism, is related to the change in
the C-C bond length when the M-SWNT is charged. We expect the bond length to
contract for hole doping and to expand for clectron doping. This should result in
higher frequencics for negative Vi than for positive Vi, as observed in Fig. 3-4 and
Fig. 3-6. The doping induced change in bond length is discussed in greater detail in

chapter 5.
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Figure 3-6: Comparison of the experimental frequency and linewidth of the G-band
feature with theoretical predictions. The data points in a), b) and c¢) are the experi-
mentally derived linewidths, frequencies and asymmetry parameters of the LO modes
(12,0) M-SWNT shown in Fig. 3-5 as a function of the gate voltage. The solid curves
in a) and b) are the predicted linewidth and frequency of a (12,0) M-SWNT. The
calculations are adapted from [6].
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3.3.3 Fano lineshape as a function of Ey

As mentioned above, we have fit the LO phonon lineshape with an asymmctric BWF
profile (3.1. Figure 3-6 ¢) shows that the Fano factor 1/q decreases from 0.15 to 0
as the Fermi level is shifted away from the Fermi point. The change in 1/¢g appears
follows the variation linewidth (Fig. 3-6 a), suggesting that the degree of asymmetry
corrclates with the strength of the ¢-p coupling. However, ncither the asymmetry
of the LO linecshape nor its Er dependence, are predicted by the same e-p coupling
mechanism that gives risc the Er dependence of the LO frequency and linewidth.

It has been proposed that the Fano lineshape results from the interference between
Raman scattering of the LO phonon and clectronic Raman scattering from the con-
tinuum of clectronic excitations [30]. In this scenario the Fano factor has a physical
meaning which is given by 1/¢ = V,_,M, /M, [30]. Here, V, , is the clectron-phonon
coupling matrix element and M, and M, are the Raman tensors for phonon and elcc-
tron scattcring, respectively. We expect the ratio M,/M, to depend on the (n,m)
values of the nanotube. Since the phonon and clectron Raman scattering processes
have different resonance profiles, the ratio M,/M, is also likcly to depend on Ej.
This topic is addressed in detail in the next chapter where we describe the clectronic

contributions to the Raman spectrum of M-SWNTs.

3.3.4 Diameter dependence of the G-band phonon softening

Both the frequency renormalization and the linewidth broadening of the LO phonon
arc cxpected to increase with decreasing diameter, as 1/d; [31, 17]. In Fig. 3-7
we show the intensity maps of G-band versus Vi for three M-SWNTs of different
diameters that have been determined based on their RBM frequencies. Indeed, the
smaller M-SWNT exhibit a stronger softening near their charge neutrality point. We
have not collected a sufficient amount of data from (n,m) assigned M-SWNTs to
comment on the chiral angle dependence of the LO phonon softening, however, the
authors of [31, 17] do not predict any appreciable chirality dependence. On the other
hand, Sasaki et al. [31, 17] do predict an intercsting but mild Ey dependence of
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Figure 3-7: G-band intensity maps vs. applied gate voltage Vg for several M-SWNTs
with different diameters. The diameters are estimated from the indicated RBM fre-
quencies.

the TO mode. However, since the TO mode difficult to track because of its weak

intensity, we have not yet found corroborating evidence for these predictions.

3.3.5 Summary of the G-band phonon softening

In this section we have studied the e-p coupling due to a KA in individual M-SWNT's
by observing the evolution of the G-band Raman spectrum while applying an elec-
trochemical gate voltage. In M-SWNTs where only two peaks are observed in the
G-band spectra throughout the gating range, the peaks were unambiguously assigned
and their behavior upon gating, in terms of frequency, linewidth and lineshape, was
investigated. This data provides convincing evidence of the KA phenomenon in M-
SWNTs and the experimental data are in good quantitative agreement with theoret-
ical calculations [7]. A similar experiment was carried out previously [32], but clear
evidence of a KA was not observed. This is most likely due to the presence of multiple

peaks in the G-band.
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3.4 Softening of the Radial Breathing Mode

Another phonon mode of interest in SWNT's is the isotropic radial deformation of the
nanotube called the radial breathing mode (RBM). This optical phonon is solely the
result of the one dimensional tubular structure of SWNTs and its deformations are
very different from those of the optical stretching modes that arc common to all other
graphitic matcrials. Electron-phonon coupling of the RBM is important because it
provides a new scattering channel for clectrons that is absent in higher dimensional
forms of carbon. Being a low enecrgy optical phonon, the RBM could be a significant
scatterer of low cnergy electrons such as in clectrical transport at low biases [33].

A recent theoretical treatment of the Er dependence of the RBM predicts a similar,
albeit weaker, softening of the RBM phonon with a significantly larger chiral angle
dependence [18]. Because the RBM encrgy is so much smaller than the G-band,
the e-p coupling is expected to be much more sensitive to the fine structure of the
clectronic bands ncar the Dirac point where the valence and conduction bands touch.
An cxperimental study of the softening of wrpy in M-SWNTs is therefore important
to clarify the structure-dependent e-p coupling phenomena associated with the wrgwm
softening.

In this scction we present a carcful analysis of the frequency wrpy and linewidth
I'rpm of the RBM of individual SWNTs as a function of the clectrochemical gating
potential Vi;. We observe an increase in frequency when the nanotube is doped with
cither clectrons or holes. Our experimental results show a diameter (dy) and chiral

angle (#) dependence in the wgrpy softening.

3.4.1 Radial breathing mode frequency as a function of Ep

Figurc 3-8 a) shows the RBM spectrum of a M-SWNT at scveral values of Vg. A
subtle upshift of 2 em™! for both (&) polaritics of Vg is observed. Changes in wrgm
are more evident after fitting the peaks, whereby the fit gives both wggy and the
FWHM linewidth I'ggnm vs. Vi, shown in Figs. 3-8 b) and 3-8 ¢, respectively. We

use a Voigt profile to deconvolute the instrumental broadening from the Lorentzian
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Figure 3-8: a)Waterfall plots of the RBM spectra of an M-SWNT at several positive
(left panel) and negative (right panel) values of gate potential V. To evaluate the
wrpm downshift we use the vertical red lines as fiduciary marks, indicating the peak
frequency at Vi = 0. The inset of a) is a schematic band structure of a M-SWNT
illustrating the allowed e-h transitions. b) Fitted frequency wrgm and c) linewidth
I'rem values vs. Vi;. Error bars denote 95% confidence interval. Solid curves are a
guide to the eye. The inset of b) shows the fitted wrpm(Ve) for an S-SSWNT [34].
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linewidth of thec RBM pcak. The wgrpm of the M-SWNT shown in Fig. 3-8 b)
makes an almost symmetric “V” shape about Vi = 0. Previous studics suggest
that environmental effects such as the van der Waals interaction with the substrate
or surrounding solution may modify wgpm [35]. The latter effect presumably only
contributes to a constant background with respect to Vi;. The large drop in the peak
intensity obscrved with increasing Vi; may be caused by a change in the resonance
condition. Because of the loss in peak intensity with increasing Vi, we are only able
to follow wrpm(Ve) for those M-SWNTs that have strong signals, which biascs our
sample sct towards tubes with small § values [18]. These M-SWNTs all exhibit a
similar characteristic wgpm(Ve) behavior. Meanwhile the RBM peak for an S-SWNT
shows no appreciable change in wrpn (Vi) as a function of Vi, as for example is shown
in the insct of Fig. 3-8 b). It is thus clear that the behavior in Fig. 3-8 b) is an effect
specific to M-SWN'Ts.

The behavior of wgpy for M-SWNTs can be understood by considering that, like
the G-band phonons, the RBM is also an optical phonon capable of exciting vertical
clectron-hole (c-h) pairs across the lincar k valence and conduction bands of the M-
SWNT near the K (or K’) point in the Brillouin zone. If the c-p matrix element for
such transitions is non-zcro, these scattering cvents contribute to renormalizing the
phonon enecrgy and decreasing its lifetime. As illustrated in the insct of Fig. 3-8, the
Pauli exclusion principle limits the available c-h pair transitions to thosc satisfying
E._y, > 2|Eg|, thus giving risc to the Vi dependence of wrpm. As Ef is shifted away
from the Dirac point, the number of excitations contributing to the dressed RBM

phonon is reduced and wrpy approaches the frequency of the bare RBM phonon [18].

3.4.2 Radial breathing mode linewidth as a function of Ly

In Fig. 3-9 we comparc the Ep dependence of the G~ peak (ALo phonon) to wrem
of an M-SWNT which we tentatively assign as a (13,4) SWNT (wgpy = 193 em™,
Flaer = 1.91 ¢V). We sce a striking resemblance between the Vi; dependence of
we- and that of wrpym, with both peaks displaying a minimum in frequency around

Vo = 0. However, the I'ggy behavior of the two peaks is quite different, with the
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RBM peak showing no noticcable broadening in contrast to the 60 cm ™! broadcning
of the G~ peak. The lack of broadening for the RBM indicates a negligible resonant
decay of the RBM into an c-h pair.

To understand why the RBM is downshifted but not broadened, it is instructive
to draw comparisons to the c-p coupling of the optical phonons that contribute to the
G-band of graphene, M-SWNTs and S-SWNTs, which have recently been studied in
great detail [36, 23, 26, 12, 37]. In M-SWNTSs, the LO phonon (with encrgy 0.2 ¢V)
is able to create real and virtual c-h pairs across the lincar clectronic bands, resulting
in the strong broadening and downshift in frequency characteristic of the metallic
G~ pcak as shown in Fig. 3-9 Similarly, in graphence, the G-band phonons arc both
broadened and downshifted because they couple to c-h excitations ncar the Dirac
point. In the case of S-SWNT's, the optical phonons do not have sufficient energy
to excite c-h pairs excitations across the large clectronic energy gap. However these
optical phonons can still create virtual excitations which contribute to the downshift
of the phonon frequency. Since there is no decay into real states, there is no linewidth
broadening and the frequency shift is modest compared to M-SWNTs, as recently
verified in experiments [38, 37).

Since hwrpy is a small fraction of the LO/TO phonon energies, the e-h excitations
for the RBM occur much closer to the Dirac point. On this energy scale, a very
small energy gap such as the curvaturc-induced minigap, becomes significant. The
latter, given by Fgap = (A/d?)cos(36), is greatest for zigzag M-SWNTs and absent for
armchair M-SWNTs. The valuc of A is about 60 meV based on an extended tight-
binding model [18]. From the perspective of the RBM phonon, the clectronic bands
of small diameter zigzag M-SWNTs with E,,, > hwgrpm appear semiconducting-like.
Only the armchair SWNT's have truly metallic bands when close to the Dirac point.
Indeed, for the (13,4) SWNT shown in Fig. 3-9, E,, = 32 meV (d; = 1.2 nm,

0 = 13°) exceeds fiwgpy (24 meV) and hence no linewidth broadening is expected.

In Fig. 3-10 we show wrpym vs. Ep for the (13,4) nanotube calculated from the
effective mass theory in 18], which also predicts no change in I'gpy; as a function of Eg

and a wrpm bchavior qualitatively similar to what we observe in our measurements.
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Figure 3-9: Comparing the G~ and RBM peaks vs. Vg for a (13,4) M-SWNT (wrpm ~
193 em ™!, Ejpger = 1.91 eV). a) G~ frequency and b) G~ linewidth vs. Vg (bottom
axis) and Ep (top axis). The Vi dependence of the I'g- is used to estimate the gating
efficiency, & = 0.24 eV/V. The box in b) gives the T=0 energy range within which the
LO phonon can excite real e-h pairs. ¢) wggm and d) I'rgm vs. Vg for one M-SWNT

[34].
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Figure 3-10: Calculated wgpm for a (13.4) M-SWNT vs. Ep. For this M-SWNT the

e-p coupling contribution to the I'rgpy is zero. Black points wy give the bare wrpym
and red points gives wrpm corrected for e-p related softening [18].

For a quantitative comparison, we converted the Vg scale of Fig. 3-9 to an energy scale
(bottom axis) using a gate efficiency of « = 0.24 (¢V/V). The « value is determined
by fitting the broadening window of the G~ peak to: I'c_ = I', + I'._,(V¢;), as shown
in Fig. 3-9 b). Here, I'._,, the linewidth due to e-p coupling is given by equation
(29) of [39]. The Vg independent contributions to the linewidth are included in T,
which is taken as 10 cm™~' based on our experimental results. Comparing Fig. 3-9 c)
with Fig. 3-10 within the same Fr range, we see that the experimental shift of wrpm

is approximately a factor of 2 smaller than that predicted.

3.4.3 Diameter dependence of the RBM softening

It is important to know in what d; range the softening of wgrpym becomes significant.
The downshift in wgrpm is greatest in smaller di M-SWNTs as seen in Fig. 3-11,
which plots of the observed frequency downshift of wggys relative to Vo = Vy + 1V
(black) and relative to Vg = Vi —1V (red) as a function of 1/d, for several M-SWNTs,
where 1 is the gate voltage where the minimum in frequency occurs. The e-p matrix
element and hence the frequency shift Awgpy at a constant Vg is expected to be
lincar in 1/d; [18]. The experimental data for Awgp,s increases monotonically vs.

1/d, with some variation that we attribute to the expected @ dependence of wrpym
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Figure 3-11: Downshift Awgrpym in wrpm vs. 1/d;. Red circles indicate the shift
relative to Vi; = Vi — 1V (hole doping) and black squares the shift relative to Vg =
Vo + 1V (electron doping). Solid lines represent linear fits to the data points [34].

[18]. Note that the shift on the negative gate side is in most cases greater than it is
on the positive side. We attribute the mild asymmetry with respect to the sign of
Vi to the C-C bond softening (stiffening) due to charging the lattice with electrons
(holes). This topic is addressed in Chapter 5. There may also be a difference in the

gating efficiency for £V4.

3.4.4 Chiral-angle dependence of the RBM softening

To further explore the 6 dependence of wrpy we have measured the Vi; dependence
of three consecutive M-SWNTs from the 2n + m = 24 family, namely (11,2), (10,4),
and (9,6) as shown in Fig 3-12. For a given Vi, the magnitude of the measured
Awgpm decreases from the (11,2) to the (9,6) nanotube. This is in agreement with
the predicted # dependence of the downshift in wrpym [18]. The e-p matrix element,
given approximately by (e-h|H,,|RBM) = g¢(|s.|/d;)cos(360), where g is the on site
c-p coupling constant and s, is the radial displacement, is greatest for the zigzag
M-SWNT and approaches zero for the armchair M-SWNT [18]. Consequently the
zigzag RBM is expected to exhibit the largest frequency shift but no broadening,
while the armchair RBM should show neither a change in wgrgym nor in Trgym. An

M-SWNT with an intermediate chiral could be expected to exhibit both a frequency
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Figure 3-12: Fitted wrpm and ['grpy vs. Vi for three M-SWNTSs from family 2n+m =
24. a) and b) (9,6); c¢) and d) (10,4); e) and f) (11,2). The curvature-induced energy
gaps for the three M-SWNTs are 19.3, 41.7 and 60.5 meV, respectively. The energy
scale (top axis) is estimated for cach M-SWNT as in Fig. 3-9. Solid red lines are
curves to guide the eye [34].

shift and a broadening. Within the 2n + m = 24 family, only the (9,6) and (8,8)
tubes have an RBM phonon which is greater in energy than the curvature-induced
bandgap. As shown in Ref. [18], the (9,6) tube is expected to exhibit a broadening
Al = 2 em™! and a negligible frequency shift at 300K. However, we observe a small
frequency shift and no change in linewidth. On the other hand, the (10,4) SWNT is
not expected to exhibit any broadening, but we observe a possible small broadening
of AT' =1 em™'. Besides these deviations, the overall measured d, and 6 dependences

of the wgrpy downshift are in good qualitative agreement the predictions of Ref. [18].
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3.4.5 Evidence of small gaps in M-SWNTs

It should be noted that the cnergy gaps for the (9,6) and (10,4) nanotubes arc only
7 meV below and 15 meV above their RBM phonon cnergies, respectively. The wgrgm
and Trem of M-SWNTs arc predicted to depend strongly on the position of the
cutting line with respect to the K point, as well as on the size of the energy gap with
respect to the Aiwggy. Small perturbations to the lattice such as caused by strain
[40], the displacement of the Apo phonon [14, 41], and breaking of mirror symmetry
[42] could sufficiently change the electronic structure to alter the Er dependence of

the RBM peak.

3.4.6 Summary of RBM softening

In this section we have experimentally confirmed that there is a mild softening of the
wreMm of M-SWNTs which can be removed by both positive and negative doping. The
magnitude of the downshift scales with 1/d;, and is largest for small . The mecasured
wgrpwm shifts agree qualitatively with the curvature-dependent softening predicted in
Ref. [18]. No gate-induced change in I'ggy is found for most of the SWNTs that we
studied, as is expected [18] for small (dy) SWNTs. Our result shows that chirality
dependent corrections to wrpy are required to better assign the dg and (n, m) indices
for small d; M-SWNTs, and that cnvironmental doping can be responsible for some
of the variability in the observed wgrgy behavior. This work also implies that the role
of the RBM in clectrical transport and other phonon assisted rclaxation processes

warrants further investigation.

3.5 Summary

In this chapter report our studies of the interaction of the G-band and RBM phonons
of metallic SWNTs with intraband electron-hole pairs. We followed the frequency
and linewidth of these phonons as a function of the Fermi level which was modulated

using an clectrochemical gate. The the experimentally observed G-band frequency
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and linewidth bchavior as a function of Er is in good agreement with the theory of the
Kohn anomaly. In particular the broadening window that we observed within +hw/2
is a direct indication that non-adiabatic effects must be accounted for. The frequency
of the RBM is also found to be softened due an interaction with virtual electron-hole
pairs. However that lack of broadening for the RBM modc is an indication that in all
the nanotubes that we have studied there exists an insulating bandgap greater than
the RBM cnergy. This is important in light of recent reports of a Mott insulating
state in metallic nanotubes [43], that show that cven nanotubes that do not have a

curvaturc-induced bandgap cxhibit a small gap due to electron correlations.
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Chapter 4

Resonant Electronic Raman

Scattering

In this chapter we present a new feature in the Raman spectrum of mctallic car-
bon nanotubes that we attribute to electronic inelastic light scattering by interband
clectron hole pairs. In chapter 3, we discussed how low cnergy electron-hole pairs con-
tribute to the renormalization and lifetime broadening of optical phonons in metallic
nanotubes. Here, we show that these same interband electron hole excitations can
scatter light via the Coulomb interaction, giving rise and electronic Raman spcc-
trum. The electronic Raman scattering (ERS) featurc is found exclusively in the
Raman spectrum of metallic nanotubes. The ERS spectrum exhibits broad peaks
that appcar at a constant photon cnergy due to a resonance of the scattered photons
with the optical transition cnergies of the metallic nanotube. Our results are consis-
tent with the picture that the mild asymmetry in the lineshape of the G-band Raman
feature is the result of an interference between the overlapping ERS and vibrational

Raman scattering by the LO phonon mode.

4.1 Background

Inelastic light (Raman) scattering is a versatile tool for studying clementary excita-

tions in condensed matter systems. Electronic Raman scattering, which occurs when
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the scatterer is a single or collective clectronic excitation, has provided insightful
information about clectrons in low dimensional semiconductors [44] and in corre-
lated clectron systems [45]. Metallic single-walled carbon nanotubes (M —SWNTs)
have emerged as a uniquely pristine medium for studying clectrons and their corrcla-
tions in onc dimension [43]. However, despite the large impact of vibrational Raman
spectroscopy in the arca of carbon nanotube research, light scattering by clectronic
cxcitations has not yet been obscrved in the Raman spectrum of carbon nanotubes.

In this chapter we show the first experimental measurement of the clectronic con-
tributions to the Raman spectrum of individual metallic carbon nanotubes. Incident
photons lose part of their energy to electrons excited across the linear clectronic sub-
bands of M —SWNTs. These scattering cvents are only detectable when they resonant
enhanced. This occurs when cither the incoming or outgoing photons match onc of
the optical transition energies of the M-SWNT (Mj;). Electronic Raman scattering
is, thercfore, a manifestation of the Coulomb coupling between electrons in the lincar
clectronic bands of M —SWNTs, that determine their transport propertics, and the

higher electronic bands that determine their optical properties.

4.2 Experiments on M-SWNT of known (n,m) in-

dices

In order to demonstrate that the Raman peaks which we attribute to ERS arc intrinsic
features of individual metallic SWNTs, we have focused on SWNTs, whose (n,m)
indices have been identified by means of Rayleigh scattering spectroscopy [46, 47, 12].
The Rayleigh scattering spectrum maps out the VHSs in the DOS of a SWNT, and
can thercfore can be used to identify its optical transition energies. Combined with
the RBM frequency obtained from Raman spectroscopy, this method can be used to
unambiguously identify the structure of any given SWNT. Moreover, the presence
of more than a single nanotube is immediately evident in the Rayleigh spectrum.

Thercfore Rayleigh scattering serves as a cxcellent method for identifying isolated
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SWNTs.

Rayleigh scattering was performed using a white light supercontinuum laser source.
Two objective lenses oriented at a 90° angle to each other are used to focus the white
light spectrum onto the nanotube and to collect the scattered photons which are then
focused onto a spectrometer. The SWNT that we have studied were grown over slits
that were ctched through a silicon wafer. To make the these slits, we start with a
500 pm thick Si wafer that is coated with a 50nm thick layer of SixN; y deposited
by low pressure chemical vapor deposition. Using optical lithography, followed by
reactive ion ctching (RIE) the trench pattern is transfered to the SiyN;_, layer, on
the backside of the wafer, which acts as an ctch mask for the Si. A KOH solution
is used to wet ctch all the way through the Si substrate resulting in 15 — 50 wmn
fcaturcs on the front side of the wafer. The remaining Si,N;_, mask is etched off and
the sample is then annealed in air in order to grow a thin SiO, layer. Long aligned
carbon nanotubes are then grown across the trenches by chemical vapor deposition

as described in chapter 3.

4.3 The Electronic Raman Scattering (ERS) fea-

ture

In Fig. 4-1, we comparc the Raman spectrum of an M—SWNT and an S—SWNT
whosc optical transition cnergies (My;) and structural parameters (n,m) were thus
identified. For the M —SWNT, thc two Rayleigh peaks in Fig. 4-1a correspond to
energies of the second optical transition split by the trigonal warping effect (Ms; =
2.19 ¢V, M,, = 2.08 ¢V) [47, 12], whilc in the casc of the S—SWNT, the two peaks in
Fig. 4-1b correspond to the third and fourth optical transitions with S33 = 1.66 eV
and Sy = 1.84 eV. A clear exciton-phonon sideband is visible at = 200 meV above
the Sy transition, confirming that it is an S—SWNT [46]. The absence of other
Rayleigh peaks in this energy range is a clear indication that these nanotubes are

isolated. The cnergy and splitting of the Rayleigh peaks along with the mecasured
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Figure 4-1: Comparing the spectra of a metallic (left) and a semiconducting nanotube
(right). The Rayleigh scattering spectra a) and b) are used to identify the (n, m) of
an isolated M —SWNT in a) and S—SWNT in b). Labels indicate the positions of the
optical transitions. ¢) and d) are the corresponding Raman spectra with the Raman
shift indicated on the lower axis and the energy of the scattered photon indicated on
the top axis. Arrows indicate the energies of the optical transitions obtained from the
Rayleigh spectra. Likewise, the Raman excitation energies are indicated with arrows
in a) and b). The inset of d) shows the weak featureless tail in the Raman spectrum

of the S—SWNT in b).
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radial breathing mode pcak frequencies (RBM) of around 100 em™, and 115 cm ™!
allow us to assign these to a (21,15) M —SWNT and a (25,8) S—SWNT, respcctively.
The broad and asymmetric G-band lincshape in Fig. 4-1 ¢) near ~1580cm ! further
confirms the metallic nature of this SWNT.

The feature of particular interest in the Raman spectrum in Fig. 4-1 ¢) is
the broad peak located at ~504 cm~!, in betwecen the G-band feature and the
RBM. This peak is symmetric and has a full width at half maximum (FWHM) of
~ 620 cm (77 mcV). Conversely, there is no appreciable background signal in the
spectrum of the S—SWNT shown in Fig. 4-1 d), which was also cxcited just above
resonance (1.91 e¢V). A background spectrum was collected and subtracted from the
signal such that therc are no contributions from stray light or dark current in the
spectra shown in Fig. 4-1. Interestingly, the scattered photon energy of the new

featurc in Fig. 4-1 ¢) matches the position of the My, transition.

4.4 Resonant Electronic Raman Scattering

Tuning the laser energy, Ey,, reveals that the Raman frequency of this new featurc is
highly dispersive. Figure 4-2 a) shows the spectra obtained at various incident laser
encrgies as a function of the encrgy of the scattered photon. Although the Raman
frequency of the ERS feature changes with Ep, the encrgy of the Raman scattered
photons, Eg, remains centered around 2.08eV for Ey, in the range 2.10 ¢V to 2.20 eV,
and around 2.19¢V for Ej, = 2.33 ¢V. Thesc values of Es match the My, and M,
encrgies from the Rayleigh spectrum, respectively. The same behavior is shown in
Fig. 4-2 b) for a structure-assigned (27,9) M —SWNT of similar diamcter but of
smaller chiral angle, as indicated by the larger splitting of the My, and M,, pcaks
[5]. We have consistently observed an ERS feature whose photon cnergy matches Mo,
for a collection of more than 15 structurc-assigned M —SWNTs.

The My, or My, transitions of scveral other isolated M —SWNTs, both suspended
and also on an SiO, substrate, have been determined from the RBM resonance Raman

window [49]. Again, we systematically obscrve a broad feature at the cnergy of the
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Figure 4-2: Following the ERS feature as a function of laser energy. a) Raman spectra
of the (21,15) M—SWNT from Fig. 4-1 a), ¢) at several different excitation energies
indicated here by the black arrows. The bottom axis is the energy of the Raman
scattered photon. The dotted vertical lines indicate the energies of the M,, transi-
tions as obtained from fitting the Rayleigh scattering spectrum using an excitonic
model [46]. The asterisk, square and triangular markers indicate the positions of the
G-band, G-band and 2D’-band features, respectively [48]. All spectra are normal-
ized to the G-band intensity. b) Same as a) but for a (27,9) isolated M —SWNT. ¢)
Spectra from a M—SWNT on a substrate (not identified by Rayleigh). Here the ERS
feature is shown for the M, peaks and appears on both the Stokes and anti-Stokes
spectra. From the RBM [requency and the position of the ERS peaks we assign this
M—SWNT as (15,6).
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M;; transitions, when Ep, is near M;;. Finally, the ERS featurce is also present in the
anti-Stokes spectrum when an M —SWNT is excited slightly below resonance (Fig. 4-
2 ¢). On the other hand, the Raman background of more than 15 structure-assigned
S—SWNT excited ncar their S;; transitions is nearly flat, with the exception of a
weak tail ncar the Rayleigh peak, as shown in the inset of Fig. 4-1 d). Based on
this survey of a statistically significant number of individual tubes, we conclude that
the newly observed feature is a hallmark of M —~SWNTs and can be observed for any

M—SWNT excited near resonance.

We here attribute the observed peaks to a resonant clectronic Raman scatter-
ing process, involving low-cnergy electronic transitions across the linear bands of
M—-SWNTs. Figure 4-3 shows a schematic diagram of the resonant ERS process.
A continuous range of available electronic excitations may scatter light. While the
density of states of these excitations is constant [1], the ERS events that result in
outgoing photons of the same cnergy as one of the M;; transitions will be resonantly
enhanced and will dominate the signal. Conscquently, the ERS featurc is always
centered at My, irrespective of Ep. The strong but featurcless tails observed when
an M—SWNT is excited very close to a resonance (Fig. 4-2) involve very low en-
ergy e-h pairs. As I, is tuned further away from a M;; resonance, higher energy c-h
pairs will contribute and a well defined ERS peak will develop at a Raman frequency
corresponding to the laser detuning frequency. The energy of the scattered photons,
however remains unchanged.

In this picture, the ERS spectrum is composed of contributions from many c-h
cxcitations, whose rclative amplitudes arc modulated by the ncarcst M;; resonance.
The linewidth is then expected to be a sum of the M;; width, v,;, and the spectral
width ,, of the pertinent e-h excitations. In our experiments 7y, ~ 100 mecV, while
time-resolved photo-emission measurcments suggest v., < 10 fs [50]. Since o <<
Yii» we expect similar widths for both the ERS and Raylcigh scattering featurcs.
Experimentally, we find that the widths of the observed ERS featurcs tend to be

slightly narrower, but of the same order of magnitude, as the associated M;; transition.

The fact that the new ERS features are observed exclusively at M;; in M —~SWNTs,
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Figure 4-3: Schematic of resonantly enhanced electronic Raman scattering in an
armchair M —SWNT. There is a continuum of e-h excitations to scatter by (illustrated
by the gradient). The downward arrow indicates the resonantly enhanced scattering
event, whose outgoing energy matches the M;; optical transition energy (shown on
right).

and not in S—SWNTs, together with the presence of the ERS features both on
the Stokes- and anti-Stokes sides of the spectra, rules out fluorescence as a possible
interpretation. Stokes-fluorescence from M —SWN'T's or from higher-order transitions
(Sii,i > 1) in S—SWNTs is extremely inefficient because the exciton radiative decay
rate in SWNTs (& 0.1ns ™' [51, 52, 53|) is at least five orders of magnitude slower than
non-radiative interband relaxation processes [54, 55, 50]. Anti-Stokes fluorescence
would require additional phonon-assisted processes, which are even less likely to occur.
Also, in a fluorescence scenario, we would expect to observe visible emission from both

M—-SWNT and S—SWNT, in obvious contradiction with our results.

4.5 Gate-voltage dependence of the ERS feature

Supposing that low-energy electronic excitations are responsible for the observed ERS,
then by changing the occupancy of the electronic states, we should be able to sup-
press these features. Figure 4-4 shows the evolution of the Raman spectrum of an
M—SWNT on an SiO, substrate whose Fermi level, Ep, is tuned by means of an

electrochemical gate [23]. The ERS feature diminishes in intensity when the Fermi
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level is shifted to positive or negative values. This further demonstrates that the
c-h excitations are responsible for the ERS peak and also that small levels of doping
(< 0.005 ¢/C atom) will suppress the ERS peak. In Fig. 4-4 ¢) and d), we also notice
that the quenching of the ERS signal is accompanied by a strong narrowing and stiff-
cning of the G-band featurc. The latter two obscrvations have been well documented
(23, 12, 37, 26], and were attributed to the coupling of optical phonons and c-h pairs

of similar energy.

4.6 Coupling of the ERS and G-band feature

In M—SWNTs the higher and lower frequency components of the G-band (Gt and
G ) [56], are associated with the transverse optical (TO) and longitudinal optical
(LO) phonon modes, respectively. As discussed in chapter 3, the LO mode is known
to be broadened and downshifted because of its interaction with low lying e-h pairs [37,
57, 23, 12]. This mode has also been reported to be skewed toward lower wavenumbers,
however the magnitude and the origin of this asymmetry in the lineshape remain
debated topics [10, 13, 11, 12]. Typically the Breit-Wigner-Fano lineshape introduced

in chapter 3 (equation 3.1),

((¢-Tro+ (w— WLO))]2
(w—wro)?+ T2,

[LO(w) = Io

)

is used to fit the LO phonon peak. Here, I, is a constant and the Fano factor 1/q is
a mecasurc of the asymmetry of thec Raman peak, with a Lorentzian lineshape being
recovered when 1/g — 0. In light of the recent discussion surrounding the lineshape of
the G-band [10, 13, 11, 12], it is important to distinguish the LO phonon contribution
to the Raman spectrum from the broad ERS background with which it often overlaps.
In particular, we ask whether the asymmetry of the G-band lineshape is present once
the ERS background has been accounted for.

As shown in Fig. 4-2, when present, the ERS feature only appears between the

laser line and the G-band feature. The ERS featurce is most prominent when it is
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renormalizing virtual e-h pairs are blocked. d) The linewidth I'y o, broadened in
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excitation. e¢) The Er evolution of the asymmetry parameter —1/q of the LO peak.
The Fermi level scale was estimated by fitting the width of the broadening window

in d) to the LO phonon energy [23].
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centered at low Raman frequencies, in which casc its tail overlaps with the G-band.
As the ERS peak approaches the G-band fcature, its rclative intensity decreases
partly because the overlap of these two features matches the condition for a scattered
resonance of the G-band. In our data, we have not observed the ERS featurc at
frequencies higher than the G-band feature. Considering that the ERS feature only
appears on the side of the G-band to which the latter known to be skewed, one can
imagine how the ERS contribution to the spectrum could be mistaken as part of the
tail of the asymmetric LO phonon peak. It is, indeed, casy to overlook the ERS
spectrum when the substrate signal is not subtracted, cspecially when using a higher
resolution spectrometer which does not acquire the entire cnergy range of the Raman
spectrum at once. The Fano factor, ¢, is then quite sensitive to the selected baseline
during the curve fitting process. Since our signal is free from a substrate contribution,
we fit the spectrum in Fig. 4-1c, without a baseline, using Lorentzian curves for the
ERS feature, the RBM and the G* feature, and using only a BWF lineshape to fit the
G~ feature. With the ERS contribution subtracted, the isolated phonon contribution
to the BWF is fit to I o(w) — I,. We approximate I, as a constant because the
ERS is slowly varying with respect to the G-band featurc. Even when accounting
for the ERS spectrum, the LO phonon peak still exhibits a mildly asymmetric BWF
lincshape with 1/¢ = 0.10, confirming that the observed asymmetry is not an artifact

of the overlap with the ERS feature.

Our study offers a unique opportunity to investigate the coupling between the
clectronic and phonon Raman processcs in carbon nanotubes. The asymmetry of
the LO peak is often attributed to an interference between phonon and electronic
scattering processes. Here g is a measurc of the relative strengths of the interfering
pathways and is given by:

1 M,

S 7
q "M,

where M, and M, are, respectively, the phonon Raman and ERS matrix clements,
and V, is the coupling between the LO phonon and e-h pairs [58]. The coupling

is related to the clectron-phonon contribution to the phonon linewidth I'._,, by the
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proportionality V., Fgfp. The total phonon linewidth 'y includes an intrinsic
term which is taken here to be ~ 10 em 1. Since both the position of the ERS peak
and the resonance condition of the LO phonon depend on Ejp, we expect that the
ratio M, /M, in the vicinity of the G-band will also change with Ey,. In Fig. 4-5, we
take a close look at the LO lineshape by fitting the G-band peaks for cach spectrum
of Fig. 4-2 a) after having subtracted the ERS background. We find that 1/q varies
very little when E; is tuned from 2.0 €V to 2.2¢V, but that it decreases strongly for
E; = 2.33¢V when the G-band and ERS are almost overlapping. In this case, the
G-band is close to being in a scattered resonance with the My, transition and the ERS
is weak as noted earlier. Both of these effects contribute in an increase in M,,/M, and
a corresponding decrease in 1/q. Note that I';o, and therefore the electron-phonon
coupling term V,,, does not change with E7. On the other hand, V,, depends strongly

on the Fermi energy.

Applying a gate voltage, as in Fig. 4-4, cnables us to tune ¢ in a different man-
ner. Blocking the available e-h excitations reduces both M, and V., while keeping
M, relatively constant. The changes in M./M,(Er), V.,(Er) are reflected in the
Igrs/ILo(Er) and I'Lo(Er) and ¢(Er) shown in Figs. 4-4 b), d) and ¢), respectively.
Overall, the changes in 1/¢ brought about by tuning E; and Ep are qualitatively
consistent with the picture of a Fano resonance between the LO phonon and inter-
band e-h pairs. While the ERS can, for certain excitation conditions, be quite strong,
the phonon Raman transition is always much stronger in the relevant energy range
in which they overlap, thus making the ratio M,/M,, and consequently 1/¢, a small
number. The large ratio of the phonon to electron Raman intensity explains why
the asymmetry is always very weak despite a very strong coupling, Ve,, between e-h
pairs and the LO phonon due to the Kohn anomaly [31]. The weak Fano interference
that we observe in the Raman spectrum of M —SWNTs contrasts the much stronger
interference observed between optical phonons and excitons in the IR absorption of
bilayer graphene [59, 60]. In the latter case, much larger values of 1/¢q arc observed
since the continuum channel, defined by optical absorption of infrared photons across

the bandgap, is much stronger than the contribution to the IR absorption from the
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Figure 4-5: The G-band lineshape as a function of laser energy. The left panels
show the Lorentzian fits to the ERS background for each indicated Ej, value for the
M—SWNT shown in Fig. 4-2 a). The right panels show the fitted G-band spectra
after subtracting the ERS background. The values of the linewidth I'zo, frequency
wro and asymmetry parameter —1/¢ are indicated for the LO G-band mode.
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optical phonon mode.

4.7 ERS as a characterization tool

Finally, we comment on the utility of the ERS feature for extracting physical in-
formation from M—-SWNTs. A quick method for identifying the M,; cnergics of
M —SWNTs is a desirable capability for rescarchers. Rayleigh scattering provides a
quick, one-shot method for finding the optical resonances of any SWNT. However it
requires special instrumentation and substrates [47, 61]. Raman spectrometry is a
widespread characterization tool in the SWN'T field, but can only be used to determine
the exact M;; cnergics if a Raman resonance window is collected [62]. This tedious
technique requires a tunable laser, offers poor spectral resolution and is complicated
by the overlap of the incoming and outgoing resonances of the phonon modes. ERS,
on the other hand, like Rayleigh scattering, is a one-shot measurement and provides
good spcectral resolution. Morcover, it can be used on an arbitrary substrate and can
be mecasured with any Raman spectrometer. For example, the M—SWNT in Fig.
4-2 c) was assigned as a (15,6) nanotube based its ERS peak encrgies and its RBM
frequency. The major limitation of ERS is that it is restricted to nanotubes that are
cxcited near resonance. For an M—SWNT whose M;; is within 200 meV below Ep,
ERS fcatures will appear at the M;; cnergics in the Raman spectrum, provided that
the SWNT is not highly doped. Using a broadband spectrometer, and in the case of
SWNTs located on a substrate, subtracting the substrate signal, will facilitate the ob-
servation of this featurc. Besides providing information about the encrgy and lifetime
of the M;; transition from the position and linewidth of the ERS feature, the ERS
spectrum may also contain information about the continuum of the electronic excita-
tions by which the light is scattered. By using a sharper laser cut-off, the lower energy
of the ERS could potentially be used to study the structure of the metallic electronic
bands at very low cnergies where M—SWNTs are known to exhibit minigaps due to
curvature and electron correlation effects [43]. Within our current understanding, we

do not expect contribution to the ERS spectrum for energies within the insulating
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gap.

4.8 Summary

We have reported the electronic Raman spectrum (ERS), a new feature in the Ra-
man spectrum of metallic carbon nanotubes that arises from a resonantly enhanced
scattering by interband clectronic excitations. We have shown how the ERS spec-
trum can be used to identify the exact M;; energies when a M-SWNT is excited ncar
resonance. We have also proposed that the ERS spectrum can be used to the study
the low cnergy clectronic structure and electron corrclations in M-SWNTs. While
phonon Raman scattering has been studied in great detail during the last decade,
the topic of ERS has not yet been addressed in detail theorctically. Hopefully the
experiments reported here will inspire theoretical work, providing further insight into

the nature of the Coulomb interaction in metallic carbon nanotubes.
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Chapter 5

Doping dependence of the G/ peak:
metallicity dependent

electromechanical coupling

In chapter 3 we deseribed how the frequencies of certain Raman modes change when
the nanotube is charged by the addition of clectrons or holes. We showed that charging
a metallic nanotube can alter its phonon frequency by reducing the strength of the
clectron-phonon intcraction. In this chapter, we will again study the changes in
phonon frequencies while changing the Fermi level. However, by focusing on modes
that are not strongly coupled to clectronic excitations, we try to extract information
on static changes that occur to the lattice when charged. Changes in the C-C bond
lengths give rise to modified force constants, and as a result, the lattice vibration
(phonon) frequencies are changed. Specifically, we look at the difference in the way

mctallic and scmiconducting nanotubes accommodate extra charge on the lattice.
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5.1 Background

5.1.1 SWNT electrochemical actuators

Because of their exceptional mechanical and electrical properties, a promising ap-
plication of SWNTs is in the area of electromechanical actuators. Nanotubce shect
actuators have been shown to operate at low voltages and provide higher work den-
sitics than other alternative technologies [63, 64]. Despite these promising results,
it is not clear whether the actuation mechanism involves expansion of C-C bonds
or repulsion between individual nanotubes in a bundle. Furthermore, it is unclear
whether or not the actuation properties of all SWNTs arc similar. Experiments at
the individual nanotube level arc nceded but it is very challenging to perform elec-
tromechanical measurements on single nanotubes. Raman spectroscopy is capable of
detecting small changes in bond length through corresponding changes in the phonon
frequencies of C-C stretching modes. We have also demonstrated, in chapter 3, that
we arc capable of measuring changes in the spectrum of individual SWNT as a func-
tion injected charge. Thercfore in situ Raman spectroscopy during clectrochemical
charging is a suitable technique for studying the electromechanical properties of in-

dividual SWNTs.

5.1.2 The ¢ Raman peak

As mentioned above, we would like to avoid Raman peaks whose frequencies are
strongly affected by coupling to electronic excitations. In chapter 3 we show that the
G-band phonons of metallic nanotubes arc strongly coupled to c-h pairs. Semicon-
ducting nanotubes also experience a significant gate dependent frequency shift of the
G-band due to e-p coupling [65]. Strong coupling occurs for I' point and K-point
phonons thercfore a phonon that docs not originate from one of the points is desirable.

The double resonant G’ peak involves iTO phonons with wavevectors from close
to, but not exactly at, the K-point [9]. Our results show that phonons with wavevee-

tors sufficiently far from this point are not affected by the predicted K-point Kohn
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anomaly of metallic nanotubes. Since the phonon in question has a finite wavevector
(g # 0), the conservation of momentum must either be satisfied by an elastic scat-
tering event (giving rise to the D-band) or by scattering with another iTO phonon
of equal and opposite ¢ (giving rise to the G’-band). The selected wavevector g that
satisfies the double resonance condition is intimately tied to the electronic structure

of the nanotube and to the laser excitation energy used.
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Figure 5-1: a) The phonon dispersion of graphene showing the location of the I' and
K-point Kohn anomalies and showing the segment of the iTO branch from which the
G’ peak originates b) The deformation of the iTO branch at the K-point showing
pertinent displacement vectors with A; symmetry.

5.1.3 Deformation induced frequency shift of the G’ peak

Since we intend to use the G’ frequency wg to detect changes in the bond length, we

first discuss the expected shift in wer associated with a given deformation. Expanding
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a bond will weaken the force constant and lead to a downshift in frequency, and the
opposite is true for the contraction of a bond. A general deformation of a CNT is
typically described in terms of its axial and radial components, ¢ and ¢, or in terms of
its isotropic and anisotropic strain components €5, = (€+€1)/2 and €., = (¢ —€1)/2,
respectively. The degree to which the frequency of cach mode is shifted depends on
the deformation pattern on the phonon. The G’ phonon originates from the iTO
phonon branch near the K-point [9]. Right at the K-point, the iTO branch, having
A; symmetry, resembles the breathing of the carbon ring, as shown in Fig. 5-1 and
thus only the isotropic component of the strain ¢;,, contributes to the shift in phonon
frequency. We expect a similar strain dependence for the G’ phonon based on recent
studics on the strain dependence of the G' peak in graphene [66]. The frequency

change as a function of the isotropic strain is given by [66]:

AwG/

waqr

= =29} o€iso (5.1)

The Griineisen parameter, vy, is a slowly varying function of the wavenumber q, and
for the region of the Brillouin zone selected by the double resonance process in our
experiments, its valuc ranges from ~2.5-3 [66]. We assume that, for small strains,
any shearing of the hexagonal lattice caused by the anisotropic part of the strain,
€ani> docs not shift or split the iTO phonon as it does to the doubly degencrate Ey,
phonons at the I' point [66]. Based on this mechanism, we expect a frequency shift

of ~ —140 — 160cm ™ /% ¢;qp.

5.1.4 Doping induced deformation

Here we review some of the theory describing charge-induced strain in SWNTs [67, 68,
69, 70]. In-plane dimensional changes due to doping have been studied extensively in
graphite intercalation compounds [71]. Negative and positive charge injection cause
expansion and contraction of the C-C bond length, respectively. The charge strain
behavior is explained in terms of the breaking of e-h symmetry from sccond-necighbor

antibonding interactions [71, 72]. Since the demonstration of CNT clectrochemical
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actuators [63] the topic of charge-induced deformation of CNTs has been addressed
theoretically by a number of methods, with some conflicting results.

Two types of contributions to the charge-induced deformation of SWNTs must
be taken into account: 1) the quantum mechanical changes in bond length duc to
changes in bond ordering when nanotubes are charged 2) expansion of bonds due to
the clectrostatic (Coulomb) repulsion between atoms when charged. In graphene, the
bond ordering contribution dominates and gives rise to a charge-asymmetric deforma-
tion [72]. In nanotubes the bond ordering contribution affects €;5, and €4y, differently.
In both M- and S- SWNTs, bond ordering causes an isotropic expansion and contrac-
tion of the lattice for holc and electron doping [67, 68], just like in graphene [71, 72].
Howecver, for S-SWNTs bond ordering causes a response in €,,; that is symmetric with
respect to the sign of charge [67, 68, 69, 70]. Whether this change in €4, is positive or
negative depends on the mod(2n + m,3) type of the S-SSWNTs. As mentioned above,
we do not expect wgr to strongly reflect these anisotropic deformations because of its
near-A symmetry [66].

The Coulomb repulsion contribution to the deformation is only predicted to affect
€iso and is always charge symmetric [68, 73] . Pastewka ct al. [68] show that the
relative contributions of the bond ordering and electrostatic contributions to the

deformation depend on the dielectric of the surrounding medium.

5.2 Different charge-induced deformations for M-

SWNTs and S-SWNTs

The cxperiments were carried out in the same manncer as described Ain chapter 1.
We have here collected spectra from several semiconducting Fig. 5-3 and mctallic
nanotubes Fig. 5-2 in order to differentiate between their respective behaviors. Most
of the nanotubes that we usc in this study have an RBM which is used to identify
their mod(2n + m,3) type.

In Fig 5-2 a) wec show intensity plots of the G, and G’ peaks of an M-SWN'T' as
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Figure 5-2: a) Intensity plot of the G-band wg(Vg)(top) and G’ band (wer (Vi) bot-
tom) of an M-SWNT as a function of Vz. b) the G’ frequency function of Vi plotted
as wgr (Vi) for several M-SWNTs.

a function of gate voltage. As in chapter 3, the G-band exhibits a symmetric upshift
in frequency about the gate voltage, characteristic of the Kohn anomaly [17]. The
G’ peak on the other hand upshifts at negative gate potentials and and downshifts
for positive potentials. This behavior is qualitatively similar to the response of the

G’ peak of graphene [57].

The S-SWNTs that we have observed exhibit a variety of behaviors, all different
from that of M-SWNTs. The most common behavior is a downshift of the G’ fre-
quency for both polarities of gating, as shown in Fig. 5-3 a). The much less common
behaviors are: 1) a symmetric upshift of wg about gate voltage V, (Fig 5-3 b) and

2) no appreciable shift at all (Fig 5-3 ¢).

To gain insight in the origin of the behaviors of charge-induced frequency shifts,
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we have overlaid these findings onto a theoretical Kataura plot (Fig. 5-4), for those
nanotubes under study for which we have observed an RBM peak. As expected, the
nanotubes whose change in wer is odd with respect to charge polarity (labeled 0)
linc up with the metallic arcas of the Kataura plot, while those which downshift (D)
and upshift (U) have been cntirely assigned to semiconducting nanotubes in F ig.
9-4. Neither the common downshifting behavior, nor the less abundant upshifting

behavior appear to correlate with a particular mod(2n + m,3) type of S-SWNT.

5.3 Discussion

In M-SWNTs we always observe an upshift of wgs for hole doping and a downshift
for clectron doping. This is the casc for nanotubes obscrved at both the upper and
lower metallic transitions M;! and M;; and over a large range of diameters and chiral
angles. Like in graphene, there is no signature of the K-point Kohn anomaly in
Awer (Vi) which would manifest itsclf as a symmetric upshift with respect to V.
Rather, we believe the origin of Awg is the expansion and contraction of bonds
for clectron and hole doping. This behavior is in qualitative agrcement with the
bond ordering contribution to the isotropic charge-induced deformation described
the theory of [67, 68].

In the case of S-SWNTs, we find that Aweg (V) is always charge symmetric,
cven though the bond ordering contribution to the isotropic response is expected to
be asymmetric like M-SWNTs. A strong charge-symmetric deformation has been
predicted in the anisotropic deformation response [67, 68], €,,i(q) of S-SSWNTs, but
we do not expect this factor to affect Awg/(Vy), because the G’ modc near the K-
point is almost a fully symmetric mode. Furthermore, the predicted sign of the
€ani(q) is different for the two types of SSSWNTs. Nevertheless, we have not found
any corrclation between the upshifting and downshifting of the weg of S-SWNTs
and their mod(2n +m,3) types. Since the downshifting behavior is the most common
behavior for S-SWNTs, it appears as though there is a dominating mechanism causing

an expansion of the bonds in most SSSWNTs upon charging. Coulomb repulsion is
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cxpected to causes an isotropic expansion of bonds that is quadratic in charge, and
therefore mects the description. However, as noted above, the Coulomb term docs
not appear to dominate the responsc of M-SWNTs because there is already charge
on the bonds. Pastewka ct al. [68] explain that the contribution from the Coulomb
repulsion depends on the diclectric constant of the medium. While the dielectric
cnvironment surrounding a SWNTs is known to be very important in the context of
Coulomb intcractions, we know that the charge carriers in the SWNTs themselves
also participate in screening [4]. This is demonstrated by the fact that the exciton
binding cnergies of S-SSWNTs arc an order of magnitude greater in than in M-SWNT's
[3, 4]. Based on this argument, it is reasonable to say that electrostatic repulsion due
to charging is morc important for the G’ band spectra of SSSWNTs than it is for
M-SWNTs.

5.4 Recent advances on the doping dependence of

the G’ peak

The doping dependence of the G peak has previously mostly been investigated in
bundles, using a varicty of doping methods. Maciel et al. [74, 75] studied bundles of
SWNTs that have been substitutionally doped with n-type (phosphorus and nitrogen)
and p-type (boron) dopants. They report that this type of doping causes a splitting of
the G’-band into two pecaks. One component is shown to originate from the defective
dopant sites and the other from the pristine segments of the nanotube [74]. The peak
associated with the dopant sites are found to upshift for p-type dopants and downshift
for n-type dopants. No distinction is made between contributions from metallic and
semiconducting nanotubes in this study. In our results, and in other electrochemical
gating experiments this splitting of the G’ peak is not observed, since the doping due

to charge transfer is less localized.

Recently there have have two studics that address on the G’ peak of the clec-

trochemically doped SWNT bundles, where the laser energy is picked to resonantly
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excite a majority of cither semiconducting or metallic SWNTs. Das et al. [76] focus
on resonantly excited semiconducting nanotubes and find that the we downshifts for
clectron doping and does not shift at all for hole doping. On the electron doping side,
this result is consistent with our measurements. The lack of shift observed for the
holc doping could be understood if we consider that metallic nanotubes may also be
contributing the G’ spectrum, in which case the G’ peak of the metallic and semi-
conducting nanotubes would be shifting in opposite dircctions. This would result in
a broadening of the G’ peak, which is indecd reported [76].

In another study, Rafailov ct. al [77] selectively cxcite metallic nanotubes within
bundles and focus of the frequency of the G’ band. They show that there is a sym-
mctric component in the frequency shift with respect to the polarity of the charge,
which is evidence for the K-point Kohn Anomaly [31]. Interestingly this effect is only
obscrved at lower excitation cnergics. These are lower energies than we have used in
experiments presented in this chapter. It is possible that the signature of the Kohn
Anomaly could be observed in our individual SWNT experiments if we were to probe
metallic nanotubes at lower laser energies.

While the last two studics have attempted to resonantly selected certain types of
SWNTs within bundles, Kalbac et al. were the first to report the charging dependent
G’ spectrum of several individual SWNTs. The authors found a variety of behaviors
that, like in our study, arc not cvident from experiments performed on bundles. A
sufficient amount of data was not collected to correlate these behaviors with the type
of SWNT. Nonetheless, these behaviors reported in [38] are consistent with the data

presented in this chapter.

5.5 Summary

We have performed a detailed study of the doping dependence of the double resonance
G’ peak of individual nanotubes. The G’ frequency wg (V) of M-SWNT's upshifts
with hole doping and downshifts with electron doping. Most S-SWNTs downshift for

both signs of doping, but a smaller fraction of them either upshift or do not shift at
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all upon doping. We attribute these shifts to charge-induced strain and we rcason
that in metallic nanotubes the bond ordering contribution to the ¢;,, dominates the
charge-induced deformation response while in S-SSWNTs the Coulomb repulsion term
dominates because of weaker dielectric screening. This result implics that separating
of nanotubes based on metallicity and type can improve the effectiveness of nanotube
actuators. As discussed above, we belicve that the wgr is more sensitive to isotropic
strain. Howcver the anisotropic strains predicted in the literature [67, 68, 69, 70] are
significant and will certainly contribute to the actuation of SWNT mats. Anisotropic
strains could be detected independently by measuring the shift in the bandgap as a

function of doping.
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Chapter 6

Phonon populations during

high-bias transport

In this chapter we have monitored the Raman spectra of an electrically contacted
SWNTs as a function applied bias across the device. The objective of these combined
mceasurements was to extract information about the temperature of the lattice and
populations of the phonons during high-field transport. The work presented here is
incomplete, however we present insightful preliminary results that point to future
experiments in this area. Since there have been significant recent efforts to combine
Raman spectroscopy and clectrical transport measurcment on carbon nanotubce de-
vices, we provide a summary of the most recent findings on this topic at the end of

this chapter.

6.1 Background

6.1.1 High-field transport in metallic carbon nanotubes

Metallic carbon nanotubes are excellent clectrical conductors but they are limited in
how much current they can carry. Each M-SWNT can carry a maximum current of
~ 254A [78]. This saturation of the current at high-fields has been attributed to the

onsct of optical phonon emission [78]. Theoretical modeling of the current-voltage
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(IV) characteristics of a nanotube requires a knowledge of the phonon scattering rates,
which depend on both the phonon population and lattice temperature. Lazerri ct al.
[79] reported that the experimental IV curves could not be reproduced without as-
suming the optical phonons population to be far out of thermal cquilibrium. Later,
Pop ct al. [80] mecasured the IV curves of M-SWNTs, suspended in air, and found
that their devices exhibited a negative differential conductance. This behavior was
attributed to a combination of lattice heating and a non-equilibrium phonon pop-
ulation. The difficulty in modeling the IV characteristics of SWNTS is that many
assumptions nced to be made about the population of the phonons, the lattice tem-
perature and the thermal couplingkto the substratc. The resistance obtained from the
IV curve is a value that is integrated over many scattering events; thercfore, much
of the information about the quantum state of the phonons is lost. For this reason,
it is desirable to obtain additional experimental information about the state of the
phonons during device operation. In this chapter, we monitor the Raman spectrum
of electrically biased SWNTs in order to gain more information about the nanotube
temperature and about the population of individual phonon modes. We have fabri-
cated devices made of isolated carbon nanotubes that are electrically contacted by
source and drain electrodes. We have simultaneously applied a current across nan-
otube devices and collected the Stokes and anti-Stokes Raman spectra from which we

were able to determine the individual phonon temperatures.

6.1.2 Stokes/antiStokes Raman spectroscopy

The ratio of the Stokes to antiStokes (S/AS) Raman intensity is given by:

E,,
kpT

I
== Acexp (
Iss

) (6.1)

where
EL — E,‘i - hwph + i’

A= .
EL — Eii + ﬁwph + oI
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Here, Ep is the laser encrgy, and Ej; and [';; arc the transition cnergy and widsh,
respectively. If we assume that Ej; is not changing as a function of voltage, and that
the nanotube is at room temperature at zero bias, then only the change in Ig /145 is

needed to estimate the phonon population. The temperature of the phonon is then

given by:
Lok, ()]
V) = | L Ky s lvovg
Tph( B) To Eph n (I—IS—) (6 3)
45/ v=0

6.2 Device fabrication

Long aligned nanotubes were grown as in [22] on a Si substrate with a 100nm of
dry thermal SiO; grown on top. We performed a lincar spatial Raman map of the
substrate that collected a spectrum every 500nm over a distance of 1 em to find
metallic nanotubes of interest. The locations of these nanotubes were marked with
respect to macroscopic cross hairs on the edge of the chip. A layer of S1813 positive
photoresist was spin coated onto the sample which was then soft baked. The chip
was returned to the Raman microscope where the motorized stage was used to return
to the position of cach of the metallic nanotubes of interest. The motorized stage
was automated to write a pattern of alignment marks into the photoresist using the
532nm laser focused onto the sample. The sample was then taken to an optical
photolithography mask aligner where an electrode pattern was stepped to cach sct
of alignment marks and the photoresist was exposed. After development, 5nm of Cr
and 30nm of Au was cvaporated on to the pattern and the remaining metal was lifted

off using acetone. Figure 6-1 is a scanning electron micrograph of a nanotube device.

6.3 Combined Raman and transport measurements

In a first set of experiments we study the Stokes and antiStokes spectra of a M-SWNT
device as a function of applied bias, but at a fixed laser energy. Next, we present

experiments where we have swept the laser cnergy in order to determine the resonance
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Figure 6-1: A scanning electron micrograph of the a M-SWNT contacted by source
and drain clectrodes

Raman profile (RRP) of the phonon modes as a function of applied bias.

6.3.1 Bias induced changes in LO/TO temperatures

In Figure 6-3, we show the zero bias Stokes G-band spectrum of a M-SWNT device,
which we have fit to two peaks. As in chapter 3, we have assigned the G* and G~
peaks of the nanotube to the LO and TO modes, respectively. We have collected
both the Stokes and the antiStokes spectra as a function of applied drain-source bias,
while also measuring the current which is shown in Fig. 6-2 a). As expected, the
current begins to level off near 25 pA. Figure 6-2 b) and c¢) are intensity plots of the
Stokes and antiStokes G-band spectra showing a decrease in the Stokes intensity and
an increase in the antiStokes intensity with increasing bias. We fit the LO and TO
pcaks at cach bias level, and show the phonon temperatures derived from the S/AS
ratio in Fig. 6-4. From 0 to 8V the LO and TO temperatures appear to increase by
a modest 180K and 125K, respectively.

In Figure 6-5, we show the change in frequency and linewidth of the LO and TO
peaks. The temperature-dependent frequency of a phonon depends on the temper-
ature of the phonons into which it decays, while the linewidth is a measure of its
decay rate [81]. The TO mode shows a very small decrease in frequency and increase

in linewidth. On the other hand, the LO mode exhibits a noticeable upshift in fre-
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Figure 6-3: The Stokes G-band spectrum of a M-SWNT fitted to two peaks.
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Figure 6-4: The computed phonon temperatures for the LO (blue) and TO (red)
modes using the Stokes/anti-Stokes ratio for the same M-SWNT a Fig. 6-3.

quency and narrowing of the linewidth. This anomalous behavior of the LO mode
upon heating is likely related to a decoupling of the phonon to electron-hole pairs,

(see chapter 3), when the electron temperature is raised.
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for the same M-SWNT as Fig. 6-3.

6.3.2 Bias-induced changes in the resonance window

The analysis in section 6.3.1 assumes that the resonance condition does not deviate
significantly when the nanotube is electrically heated. Here we show that this as-
sumption may not be correct. In Fig. 6-6 we show the RBM resonance profile for a
S-SWNT nanotube as a function of bias voltage. As the voltage is increased from the
0 to 8V, there is a redshift of ~ 22 meV in the energy of the resonance window. The
shift is accompanied by a broadening of ~ 56 meV in the FWHM intensity. This is
likely to be caused by the heating of the nanotube. Cronin et al. [82] have studied
the temperature dependence of optical transition energies in SWNTs and they find
that there is a downshift and a broadening of the resonance profile. The change in the
resonance profile as a function of the bias is important because it indicates that the
assumption that the resonance term A remains constant throughout the experiment,
is incorrect. In order to get the correct phonon temperature for the Stokes/antiStokes

ratio, it would be necessary to follow the resonance by measuring the resonance pro-
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files on the both Stokes and antiStokes sides at each bias voltage.

6.3.3 Recent advances in combined Raman and transport

measurements on SWNTs

This above mentioned approach has recently been followed by [83] in a study of
phonon temperatures in semiconducting devices. By collecting the Stokes and anti-
Stokes resonance windows of both RBM and G-band features, the authors estimate
the temperatures of these phonons, while accounting for for the shift in the resonance
energy. The data indicates that, in the studied device, the G-band phonons reach a
slightly higher temperature than the RBM phonon, which is assumed to be thermal-
ized with the lattice. The authors further estimate the temperatures of the K-point
optical phonon and intermediate frequency phonons, based on the spectral widths of
the RBM resonance window and the G-band phonon peak, respectively. Both the
K-point optical phonon and the intermediate frequency phonons are found to reach
a much higher temperature than the G-band and RBM phonons.

Non-equilibrium phonons populations have also been reported in metallic nan-

otubes. Oron-carl et al. measured the S/AS ratio of the G-band and RBM of several
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M-SWNT devices. In a small fraction of devices (3%) the incicase the G-band tem-
perature was obscrved while the RBM temperature remained relatively unchanged,
thus suggesting that a non-cqulibrium population of G-band optical phonons. In
this work the frequency of the G-band does not change with applicd bias. In another
work, Bushmaker et al. studied the G-band spectrum of suspended M-SWNT devices
as a function of applied bias. The SWNTs in the studics described above, have all
been on an SiO, substrate. Bushmaker ct al. observed that the Gt and G~ features
shift in frequency at different rates as a function of bias voltage. In some devices,
the G peak is reported to dowhshifts with bias while the G~ does not, and in other
cases, the opposite is observed. While the authors suggest that the frequencies of
the phonons are an indication of their own temperature, it is more likely that thesc
frequencies reflect the temperature of the phonon baths to which they couple. In

cither case, this result is an indication of a non-cquilibrium phonon population.

6.4 Summary

In this section, we described preliminary results from experiments that are intended
to mcasure phonon populations when large currents arc passed through a SWNT.
Changes in the S/AS intensity ratio for the G-band phonons indicate that the phonon
populations arc increasing as a function of bias. Howcver, our study of resonance
Raman profile of the RBM as function of applied bias, as well as recent result form
the literature, indicate that there is also a change in Ej; as a bias is applied, which
limits our ability to correctly quantify the population of the G-band phonon. Because
of the change in the resonance condition, further experiments are required in order

to obtain correct temperature estimates using the S/AS ratio.
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Chapter 7

Conclusions

7.1 Summary

While Raman spectroscopy of carbon nanotubes has become a well established arca
of research during the last decade, many aspects of the Raman spectra of individ-
ual nanotubes have yet to be fully cxplained. This thesis has helped clarify several
features of the Raman spectra of metallic carbon nanotubes that have been heavily
dcbated in recent years.

We began by investigating the Fermi level dependence of the G-band spectrum
of metallic nanotubes. The changes in linewidth and frequency as a function of
occupancy of the valence and conduction bands confirmed that the observed charac-
teristically broadencd and downshifted metallic G-band, is due to the coupling of LO
phonons to low cnergy clectron-hole pairs. We further demonstrated that virtual e-h
pairs may also couple to the radial breathing mode phonon, thercby renormalizing its
encrgy. Next we showed the same c-h excitations which couple to phonons via the e-p
interaction may scatter optically excited clectron holes pairs via the coulomb inter-
action, thereby giving risc to an electronic Raman spectrum (ERS). This is the first
cxperimental measurcment of the ERS spectrum in carbon nanotubes. While ERS
is important on its own, the overlap of the ERS spectrum with the phonon Raman
spectrum is very relevant to the interpretation of the G-band spectrum of M-SWNTs.

The analysis of the very mild interference between these two scattering mechanism
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has helped cxplain the origin of the asymmetry of the LO peak. In chapter 5, we
studied the charge-induced lattice deformations that occur in individual nanotubes by
studying the doping dependence of the G peak. These measurements are important
in understanding the microscopic mechanisms involved macroscopic nanotube-based
clectrochemical actuators. We demonstrated that the actuation properties of mectal-
lic nanotubes are similar to graphene while semiconducting nanotubes behave differ-
ently. This notable difference between the behavior of metallic and semiconducting
nanotubes can also be used to differentiate contributions to the G’ peak from metal-
lic and semiconducting nanotubes. Finally we used Raman spectroscopy as a tool to
monitor lattice and phonon heating in of metallic carbon nanotube during high field

transport.

7.2 Future Work

Experiments on (n,m) identified nanotubes

Many of the obscrvation made in this thesis would not have been possible if the
experiments were not performed at the individual nanotube level. The samples used
contained both isolated nanotubes and small bundles of SWNT's, but care was taken
to use spectra for which the signal appeared to only come from a single nanotube.
In some cases, using the RBM frequency and resonant excitation encrgy, the (n, m)
index could be estimated, but in other cases, this could not be done. The uncertainty
causcd by making an incorrect (n,m) assignment or by mistaking a small bundle for
an isolated nanotube has limited the confidence with which we can pinpoint where the
theory is lacking. In chapter 4, we used Rayleigh scattering to unambiguously assign
three isolated metallic nanotubes. While this is tedious work, many experiments
performed in this thesis could have benefited from working with nanotubes of wcll-
defined structures. For example, in chapter 3, we describe work by Sasaki et al. [17]
that predicts subtle differences in the Fermi level dependence of the TO mode of
mctallic nanotubes, which we were not able to observe. In our study of the RBM

phonon softening, we were not able to find many of the chiralitics to complcte the
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comparison with theory, because they are difficult to find using Raman. Further, in
chapter 5, a clear comparison between the clectromechanical coupling occurring in
type I and II S-SWNT's was not possible. Thereforc we belicve that a great deal of
insight can be gaincd by simply repeating many of the experiments performed here

on nanotubes that arc more clearly isolated and of known (n, m) indices.

Electronic Raman spectroscopy

There are many open issucs related to the electronic Raman scattering effect that we
obscrved in chapter 4. Time resolved experiments can be used to truly distinguish
the ERS spectrum from radiative recombination, as well as to study the dynamics
of the c-h cxcitations and deexcitations. Morcover ERS can be used to study the
spectrum of low encrgy e-h pairs in metallic nanotubes, thus allowing a fully optical
way of studying the band structure near the Dirac point. This is of particular intercst

in light of recent observations of a Mott insulating state in metallic nanotubes.

Non-equilibrium phonon populations during transport

The combined transport and Raman cxperiments of chapter 6 have produced prelimi-
nary results that are interesting but incomplete. There are a number of discrepancics
between publications on this topic . Once open question is why the LO and TO modcs
of metallic nanotubes shift in frequency at different rates, and why they don’t shift
at all in other publications. Continued effort on this topic using truly isolated nan-
otubes in devices with high quality contacts, combined by tracking the resonances of
the nanotubes with Rayleigh scattering and monitoring the phonon populations via
tunable Stokes and antiStokes spectroscopy should make important contributions to

this work.
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