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Abstract

This thesis presents a series of detailed optical studies of phonon-assisted relaxation
processes in DNA-wrapped single walled carbon nanotubes. Using resonance Raman
spectroscopy (RRS) and photoluminescence spectroscopy (PL), a careful characteri-
zation has been carried out on different DNA-wrapped SWNT samples to study the
effects of DNA wrapping on the electronic and vibrational structure of SWNTs. Then,
by using a DNA-wrapped SWNT sample that is highly enriched in (6,5) SWNTs, I
was able to separately identify the individual phonon-assisted relaxation channels
that could not be clearly observed in bulk materials system. In light of the recent
developments in the excitonic theory of 1D systems in general and of 1D carbon
nanotubes in particular, the observed phonon-assisted processes are interpreted and
examined in terms of excitonic states. An intense up-shifted phonon-assisted transi-
tion observed in PL spectra of SWNTs suggests the presence of a strongly coupled
exciton-phonon bound state due to the strong 1D confinement condition. The pres-
ence of such exciton-phonon bound state confirms the excitonic nature of the optical
transitions observed in semiconducting SWNTs.

To further understand the role of phonon assisted processes in exciton relaxation,
the dynamics of such phonon-assisted processes has been studied using time-resolved
spectroscopy. By using a carefully chosen Eyymp that corresponds to Eff (6, 5)+2hwp
and probing at EV2 (6,5), an intermediate decay time component that is associated
with the hot D-band phonon-absorption and relaxation process is identified and stud-
ied in detail. The experimental results suggest that in the event of a multi-phonon
assisted relaxation process, it is possible for an additional excitonic state to partic-
ipate in the relaxation process and to give rise to an intermediate relaxation time
component. The detailed information obtained from the experimental studies clari-
fies the role of hot phonon absorption and emission processes, as well as the Auger
process, in the filling and depletion of band edge exciton populations for individual
SWNTs. The experimental result also gives insights into how dark excitons, which
are predicted by theory, might indirectly participate in the exciton relaxation process.

Lastly, to further understand the structural-property relation for short nanotubes,
a series of RRS studies have been carried out on DNA-wrapped SWNTs samples



that are sorted by length using size exclusion chromatography. The consequences
of broken translational symmetry in short SWNTs are examined by monitoring the
intensities of the Raman features in the extended intermediate frequency mode (IFM)
region between 600cm™! and 1500cm™!. Many of the IFM features show an increased
Raman cross section with decreasing average length of the nanotubes. The extent
of the Raman intensity increase is found to be dependent on the origin of the IFM
features. The changes in the D-band intensity are also examined in the context of
the crystalline size effect as the nanotubes become shorter.

Thesis Supervisor: Mildred S. Dresselhaus
Title: Institute Professor
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(a) The calculated phonon dispersion relations of an armchair carbon
nanotube with (n,m) = (10, 10). The number of degrees of freedom is
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Polarization scattering geometry dependence for the G-band from two
(a) and (b) isolated SWNTs in resonance with Ejger = 2.41€V. The

Lorentzian peak frequencies are in cm™!.

05 and 65 are the initial
angles between the light polarization and the SWNT axis directions,
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order, resonance Raman spectral processes: (top) incident photon res-
onance and (bottom) scattered photon resonance conditions. For one-
phonon, second-order transitions, one of the two scattering events is
an elastic scattering event (dashed lines). Resonance points are shown
as solid circles[13]. See text for details. . . . . ... ... ... ....

2-10 (a) Calculated Raman frequencies for the double resonance condition
as a function of Ej,ser (bottom axis) and the ¢ vector along I'-K (top
axis). Solid and open circles correspond to phonon modes near the K
and I points, respectively. (b) The 6 graphite phonon dispersion curves
(lines) and experimental Raman observations (symbols) are placed ac-
cording to double resonance theory [14]. . . .. ... ... ... ...
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(a) AFM image of SWNTs on a SiO, substrate. The inset shows the
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three different spots on the Si/SiO4 substrate. The RBM frequencies
(widths) and the (n, m) assignment for each resonant SWNT are dis-
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an isolated (18,0) SWNT on a Si/SiO, substrate [16]. The predicted
resonant window is shown by the solid curve, while the vHS in the
DOS at 1.655€V is shown by the dashed curve. Circles and squares
indicate two different runs taken over the laser energies. . . . . . . . .
A schematic diagram of an excitonic band for a chiral nanotube. The
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a solid circle and labeled according to their irreducible representation.
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blue lines (thick) correspond the A; excitons while the cyan lines (thin)
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age diameters, and the diameter distribution is narrower, compared to
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AFM images of three representative SEC fractions deposited onto alkyl
silane-coated SiOg substrates [19]. . . . . . .. ... ... ... ...

(a) A comparison of RBM spectra of CoMoCAT bundles and DNA-
wrapped CoMoCAT SWNTs taken under different preparation condi-
tions (see text). b)A comparison of the G-band spectra of different
CoMoCAT-based DNA-SWNT samples taken with 2.19eV laser exci-
tation (see text). After the bundles are broken up by DNA-wrapping,
the different species within the bundle only interact weakly. A magni-
fied trace for bulk CoMoCAT SWNT materials is shown in (c). The
spectrum was fitted using Lorentzian functions, and the weak Es com-
ponents that only occur in as-grown materials have been identified.

(a) shows a resonance window measured for a SDS-wrapped, HiPco
SWNT sample dispersed in solution, reported in Fantini et al. [8)].
(b) shows a resonance window of bundled HiPco SWNT sample, as
previously reported in Fantini et al. [8]. (c) shows the resonance win-
dow measured for dried DNA-wrapped CoMoCAT SWNT. The aver-
age width of the resonance window for this sample is much smaller
compared to that for SDS-wrapped SWNTs in solution or the bundled
SWNTs sample. The solid lines here denote the Stokes profiles whereas
the dotted lines denote the anti-Stokes profiles for samples in different
environments. Since the SWNT here has a different (n,m) from the
one shown in Fantini et al. [8], the transition energy is different. The
general trends in the width of the window for the same SWNTs in

different environment are thesame. . . . . . . . .. . ... ... ...
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E3, determined from the temperature-normalized 145/l ratios of the
RRS spectra, plotted against wrgy, showing the (2n+m=constant)
family behavior. Colored data points denote the two DNA-wrapped
samples with different S:M ratios (see text), measured with both the
RRS and PL techniques. The Ej, values are determined from RRS
and PL measurements, whereas the values of E7, values are determined
from the PL emission of encapsulated SWNTs. . . . . .. ... .. ..
A slice of the 2D contour plot of excitation vs. emission energies for
a section of the PL data for the unfractionated DNA-SWNT sam-
ple where ES, — EY; absorption-emission transitions are found. The
(n,m) assignments for these transitions can be identified by compar-
ing their energies with the assigned PL transitions for SDS-dispersed
HiPco SWNTs [20]. Note that the (8,6) transition is denoted by the
white circle. The intensity of the transition is too weak to show up
with the intensity scale of the present plot. . . . . . .. .. ... ...
The upper Figure shows a 2D contour plot of excitation vs. emission
energies for a section of the PL data for the fractionated (6, 5)-enriched
DNA-SWNT sample. With the dominant emission profile arising from
the (6,5) SWNT, the experiment results corroborate the initial sample
characterization that suggests (6,5) enrichment for the fractionated
sample. Furthermore, PL peaks were observed for (n,m) species in
the lower figure that are not observed in the unfractionated sample.
The experimental results shows that the fractionation and enrichment
process is indeed a highly (n, m) specific method for separating a nan-

otube mixture. . . . . . . . .. e e e e e
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(a) A 2D excitation vs. emission contour map for a dried (6, 5)-enriched
DNA-SWNT sample on a sapphire substrate. The spectral intensity is
plotted using the log scale shown on the right. (b)A schematic view of
the observed PL transitions. The blue vertical band denotes emission
at EY,. The horizontal gray bands, denote the nearly-continuous lumi-
nescence processes associated with the thermally excited processes in
the different phonon branches. The cut-off energy at 1.06 eV is marked
in green. Orange dotted lines denote PL emission from resonant Ra-
man scattering processes for G-band, M-band, and G’-band phonons.
Strong PL emission spots at E9,=1.255eV, denoted by the red circles,
are associated with one-phonon (VI) and two-phonon (I to V) processes
described in Fig.5-2 (see text). . . .. ... .. ... ... ......
Schematic diagrams for the different phonon-assisted processes (see
text). (a) The commonly reported [20-24] excitonic recombination
mechanism for the (6,5) nanotube. The process involves excitonic ab-
sorption at E9, (point b). The excited exciton can relax down to EY,
(point ¢) via multiple channels, and can recombine at EY;. The red
boxes labeled as “ex” and “em”, respectively, denote the range of ex-
citation and emission energies in Fig.5-1. Since the excitation range
is lower than EY,, the process shown in (a) is not observed in the
present report. (b) Corresponds to the two-phonon assisted processes
responsible for transitions I to V shown in Fig.5-1(b). (c) Corre-
sponds to the one-phonon assisted processes responsible for transition
VI shown in Fig. 5-1(b). (d) Corresponds to the nearly continuous ver-
tical transitions at the band edge E.,n=1.255€V. (&) Corresponds to
the thermally-excited processes that are associated with the horizontal

streaks shown across the PL map in Fig.5-1(b). . ... ... .. ...
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5-3 A magnified portion of the a 2D excitation vs. emission contour map
shown in Fig.5-1(a), emphasizing the intersection between the non-
resonant Raman series and the band edge transitions. The peak shown
is associated with the two D-band phonon assisted process (or G') is
observed along the band edge emission axis at 1.255eV, as shown with
the vertical line, excited at Eju.er = 1.5840.005eV, as shown with
the horizontal brown dotted line. On the other hand, at the same
excitation energy, the non-resonant Raman transition seems to occur
between 1.257 and 1.258eV, which yields at slightly shifted phonon
energy. In general, similar shift of ~2-3meV has been observed for the

series of non-resonant Raman processes observed in PL maps. . ... 95
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A 2D excitation vs. emission contour map for an as-prepared CoMoCAT-
based DNA-SWNT sample in solution. . . . . ... ... ... .... 99
5-5 A schematic of an additional channel of electron relaxation, in which

the photon emitted from electron relaxation of a small diameter SWNT

becomes a source of excitation energy for another larger diameter SWNT. 99

6-1 A transient spectrum monitoring the DT intensity vs. delay time, for
Eprobe ~ E%2(6,5) at 1.252eV, for a (6,5) enriched DNA-wrapped
nanotube sample, pumped with Eym, ~ 1.567eV (pump fluence level
fixed at 0.1J/m?). The AT /T, data are plotted on a natural log scale.
The inset shows a magnified portion of the plot to show the range of
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6-2

Fluence dependence of the different components in the relaxation dy-
namics for Epope ~1.252eV. The dotted lines are guides to the eyes.
The faster components were measured with higher time resolution
(40fs), over 20ps. To determine 7, more accurately, fluence-dependent
experiments were carried out over 50ps with lower time resolution
(120fs) and a higher pump fluence. Fluence dependence of the (a)
two faster components corresponding to intraband processes and the
(b) slower component corresponding to the dynamics of the interband
recombination. (c) Shows that for the initial 20ps of the decay process,

the relative weight for the intermediate process increases with the pump

The schematic diagram and the respective DT spectra for five different
probe energies. (a) A schematic diagram of different values of Epobe
relative to the band edge energies of different nanotubes. The values
of Epobe from O; to Os, respectively, are 1.158eV, 1.198eV, 1.222¢V,
1.252¢V, and 1.272eV. (b)DT spectra for different values of Eprobe-
Notice that DT changes sign as Eprobe moves in and out of resonance
with the (6,5) and (7,5) nanotubes. We use the dotted lines as guides
for the eyes to mark the zero DT line for the respective DT spectra. The
positive DT intensities are normalized to the maximum DT intensity
to aid with the lineshape comparison. . . . . . . .. ... ... 0L L.
(a)A schematic diagram of relaxation from a to the 04, excitonic state
¢ by emitting two D-band phonons (see text). The black arrow de-
notes a fast phonon emission process originating from an exciton-bound
phonon state, whereas the gray arrow denotes a slow process originat-
ing from a real excitonic state. (b)A schematic diagram of a scenario in
which the band edge exciton population can be depleted via phonon-
absorption. The pump-probe experiment was carried out for the case

where Eprobe = EY2(6,5), corresponding to point ¢. . . . . . . . ..
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6-5

7-1

Schematic diagram of two possible scenarios for the photoinduced ab-
sorption process when Epiobe does not correspond to excitonic band
edge energies. (a)A band edge exciton at o is created by exciting an
electron from the ground state z to a virtual state v and then combin-
ing with an optical phonon to reach state o. (b)A band edge exciton
at o can combine with a photon and access a higher continuum mobile

band state at Eo*?, denote by h. . . . .. ... ... ...,

a) A comparison of the resonance Raman spectra for an ensemble of
an as-grown SWNT sample wrapped with DNA (not fractionated) and
three SWNT samples with an average length of 50nm, 70nm, and
100nm, respectively, that had been fractionated using SEC [19]. The
spectra were taken with an excitation energy 647nm(1.92eV), which is
highly in resonance with the (7,5) SWNT species. The inset to the
figure shows a magnified portion of the modes in the extended TFM
region. All four spectra are normalized with respect to their G-band
intensities. b) Shows the difference spectra between the finite-length
sample and the as-grown sample in the extended IFM region between
600 — 1500cm™!. The spectra in (b) were obtained by subtracting the
spectra of the DNA-wrapped, as-grown sample from the spectra from
each of the three short samples. . . . . . .. . ... .. ... .....
(a)Evolution of the increase in the relative IFM intensity, with re-
spect to the G-band intensity (I;pa/Ig), as the average length of the
nanotubes decreases from 100nm to 50nm. The relative intensities are
plotted as a function of inverse nanotube length for Ej4s., = 647nm
(1.92eV) and Ejgser = 640nm (1.93eV) (b) A comparison of RBM fea-
tures excited by 640nm and 647nm. The dominant RBM feature at
297cm ™! corresponds to the (7,5) SWNTs. The normalization of the

spectra are to the G-band intensity in all cases. . . . . . .. ... ..
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Resonance Raman spectra in the RBM and IFM regions of DNA-
wrapped SWNTs with different average lengths, taken at (a)Ejgeer =
679nm (1.83eV), (b)Eigser = 640nm (1.97€V), and (c)Ejgser = 620nm
(2.00eV). The values of Ejqeer, respectively, emphasize (a) (8,3) (b)
(7,5), and (c)(7,5) and (11,1) semiconducting SWNT species. . . . .
(a)D-band intensities (normalized to that of the G-band) plotted as
a function of inverse nanotube length, excited at different excitation
energies (b) Normalized D-band to G-band intensity ratio, Ip/Ig, for
DNA-wrapped SWNTs of different lengths plotted as a function of
laser excitation energy. . . . ... .. L.
A comparison between the length dependence of the Ip/Ig ratio for
short nanotubes samples, excited at multiple laser excitation energies,
and the universal relation for the crystalline size dependence of the
Ip/Ig ratio in graphite, empirically determined from nanographites. [25]
137

(a) Shows a comparison of the intensity of combination modes for dif-
ferent samples that have gone through different wrapping and fraction-

ation procedure. The spectra were taken using Fj,zer = 1.63eV.
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Chapter 1

Introduction

Carbon nanotubes have attracted a great deal of attention as a model 1D materials
system since the inception of the research field. The interest in carbon nanotubes
stems from their unique structure and properties that both mirror and contrast their
bulk counterpart. The unique geometric structure renders the possibility for carbon
nanotubes to be either metallic or semiconducting, depending on their structures.
The strongly confined structure and the possibility of high structural perfection in
carbon nanotubes also gives rise to their ballistic transport properties. Due to the
simplicity of nanotube structures, consisting of one atomic species arranged in a
hexagonal lattice, it is also possible to perform detailed calculations of the unique
properties of single walled carbon nanotubes (SWNTSs).

The advances in the carbon nanotube field has provided scientists a good under-
standing of their structure and of many of their basic properties. This knowledge is
now in place, together with an appreciation of the interrelation between the structure
and properties. Many unexpected phenomena that do not occur in the parent graphite
material have been discovered in nanotubes, and these discoveries have energized not
only nanotube research, but also nanoscience research more generally. On the other
hand, major gaps in our basic knowledge remain. The photo-physics of nanotubes
has received considerable attention as a means for studying electron, phonon, and
optoelectronic phenomena in one dimensional systems, due to the sharp resonance

enhancement effect. Since Raman scattering and optical absorption and emission in
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SWNTs are resonant processes, depending on the singularities in the 1D density of
electronic states, these techniques provide a convenient method for studying SWNTs
in a bulk sample.

In this thesis, I will present the findings from a series of optical studies carried
out on (6, 5)-enriched single walled carbon nanotubes samples wrapped with single-
stranded DNA sequence of alternating guanine (G) and thymine (T) units. The
availability of such a sample, enriched in a specific (n,m) species, introduces the
possibility to study subtle optical processes that are originally too weak or time
consuming to experimentally measure at the single nanotube level. The study has
shown that since SWNTs are a strongly confined 1D system, the individual phonon-
assisted processes in SWNTs can be well resolved in PL spectra, with spectral features
shown in great detail and over a wide energy range. This is a central finding of this
thesis. The dynamics of such phonon-assisted relaxation process is further studied
in the time domain. In addition, the effects of broken translational symmetry in
nanotubes whose lengths are much shorter than the wavelength of light has been
explored.

The first part (Chapters 2 — 3) of this thesis presents an introduction to the elec-
tronic and vibrational structure of carbon nanotubes. A brief review is presented
on the important advances in nanotube growth and separation that have signifi-
cantly shaped the research described in this thesis. In the second part (Chapters
4 — 5), the thesis describes a detailed study of DNA-wrapped SWNTs in the fre-
quency domain. Chapter 4 describes the detailed Raman and PL characterization
of the DNA-wrapped single walled carbon nanotube hybrids that were studied in
this thesis. The study investigates the effects of DNA-wrapping on the electronic
structure of the nanotubes by looking into the electronic transition energies and the
resonance condition of the combination phonon features. Then, Chapter 5 presents
a detailed study of phonon assisted processes in 1D systems observed in PL studies
of a (6,5)-enriched DNA-SWNTs sample. By looking into excitation energy regions
between the first and second resonant electronic transition of the (6,5) SWNTs, dif-

ferent channels of phonon-assisted relaxation processes were studied in detail in the
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frequency domain. The detailed frequency domain study is followed by a detailed
study of the dynamics of phonon-assisted processes in the time domain. Chapter 6
presents a series of systematic time-resolved experiments that extend the study of
phonon-assisted processes in SWNTSs into the time domain to study the dynamics
of phonon-assisted processes. The study has clarified the possible roles of dark exci-
tons in the relaxation of excited excitons. Evidence of multi-exciton excitation were
also observed in the pump-fluence-dependent Auger rates. Then, Chapter 7 presents
a survey of finite-length effects in DNA-wrapped SWNTs that are prepared using
size-exclusion chromatography. The phonon features that are characteristic of short
nanotubes are examined. Lastly, conclusions of this thesis are presented along with

suggestions for future research in Chapter 8.
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Chapter 2

Background

This chapter presents an introduction to the unique electronic and vibrational struc-
ture properties of single walled carbon nanotubes (SWNTs), as well as how optical
spectroscopy can be used to investigate the unique confinement physics in such one di-
mensional (1D) systems. The chapter first introduces the notation used for describing
the detailed nanotube geometry in relation to the structure of 2D graphite. The chap-
ter then discuss the optical properties observed in SWNT's due to the one-dimensional
(1D) confinement of electronic states [1,26]. As a result of 1D confinement, the sin-
gularities in the electronic density of states (DOS), and correspondingly in the joint
density of states (JDOS), are of great relevance for a variety of optical phenomena.
When the energy of incident photons matches a singularity in JDOS of the valence
and conduction bands, one expects to find resonant enhancement of the corresponding
optical processes. From the unique 1D electronic structure, in addition to the strong
electron-phonon coupling, one is able to obtain detailed information about vibrational
properties of nanotubes using resonance Raman spectroscopy [10]. Lastly, in light of
the recent advances in photoluminescence (PL) spectroscopy, the chapter present an
extension of the theoretical framework that uses excitonic models to explain optical

transitions observed in semiconducting SWNTs.
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Figure 2-1: The unrolled honeycomb lattice of a nanotube. When we connect sites
O and A, and sites B and B’, a nanotube can be constructed. The vectors OA
and OB define the chiral vector C; and the translational vector T of the nanotube,
respectively. The rectangle OAB’B defines the unit cell for the nanotube. The figure

is constructed for an (n,m) = (4,2) nanotube [1].
2.1 Structure and Notation of SWNTs

In this section, an introduction is provided to the structural properties of SWNTs that
emphasize the unique 1D attributes that set them apart from their bulk counterparts.

A single wall carbon nanotube (SWNT) can be conceptualized as a single graphene
sheet, one atom thick, composed of a honeycomb arrangement of carbon atoms, that
is rolled up into a seamless cylinder [27]. Figure2-1 shows how a rectangular piece of
graphene sheet defines the nanotube unit cell by the nanotube translational vector T
and the chiral vector Cj,. The detailed structure of a given SWNT can be specified
by the chiral vector Cj

Cy = na; + maz = (n,m) (2.1)

26



where unit vectors a; and a, are the unit vectors of the graphene lattice. As shown
in Figure 2-1, the chiral vector C;, makes a chiral angle 6 with the so-called zigzag (or
a;) edge. In addition, Cj connects two crystallographically equivalent sites O and A
on a two-dimensional (2D) graphene sheet where a carbon atom is located at each
vertex of the honeycomb structure [28]. The axis of the zigzag nanotube corresponds
to @ = 0°, while the so-called armchair nanotube axis corresponds to 8 = 30°, and
the nanotube axis for so-called chiral nanotubes corresponds to 0 < 8 < 30°. The
seamless cylinder joint of the nanotube is made by joining the line AB’ to the parallel
line OB in Figure2-1. For a given (n,m) SWNT, the nanotube diameter d; can be
determined as:

dy = Ch/m = V3ac-c(m? + mn +n?)?/x (2.2)

where ac_c is the nearest-neighbor C-C distance (1.421A in graphite), Cy, is the
length of the chiral vector C,. The chiral angle 8 is given by

8 = tan"[v/3m/(m + 2n)]. (2.3)

Thus, the geometric structure of a SWNT can be specified by its (n, m) indices, which
can be used to calculate the values for d; and 6. The unit cell of the 1D nanotube
OBB'A can be defined in terms of the unit cell of the 2D honeycomb lattice defined
by the vectors a; and ap. Figure2-2 shows the unit cell of a graphene lattice in (a)
real space and (b) the Brillouin zone in reciprocal space of 2D graphite.

In Figure2-2 (a), the real space basis vectors a; and ay of the hexagonal lattice
are expressed as a; = (v/3a/2,a/2) and a; = (v/3a/2,a/2), where a = |a;| = |ag| =
1.42 x v/3 = 2.46 A is the lattice constant of a graphene layer. Correspondingly, the
basis vectors b; and by of the reciprocal lattice are given by by = (27/+/3a, 27/a) and
by = (27/+/3a, —27/a) corresponding to the graphene lattice constant of 47/+/3a in
reciprocal space. The high symmetry points, I', K, and M point of the Brillouin zone
are shown.

To define the unit cell for the 1D nanotube, the vector OB in Fig. 2-1 is defined as

the shortest repeat distance along the nanotube axis, thereby defining the translation
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Figure 2-2: (a) The unit cell containing sites A and B where carbon atoms are located,
and (b) the Brillouin zone of a graphene or two-dimensional graphite layer are shown
as the dotted rhombus and the shaded hexagon, respectively. The vectors a;, and
b;, (i = 1,2) are basis vectors and reciprocal lattice vectors, respectively. The high

symmetry points, I', K and M are indicated [2].
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vector T

T = tia; + tay = (tl, t2) (24)

where the coefficients ¢; and ¢, are related to (n,m) by

ti =(2m+n)/dg
ta =—(2n+m)/dg

where dp is the greatest common divisor of (2n + m,2m + n) and is given by

dy — d if n — m is not a multiple of 3d (2.6)
3d if n — m is a multiple of 3d,
in which d is the greatest common divisor of (n,m). The magnitude of the translation
vector T = |T| is |T| = v/3L/dg where L is the length of the chiral vector Cj, = md;
and d; is the nanotube diameter. The unit cell of the nanotube is defined as the area
delineated by the vectors T and C,.

Since the real space unit cell is much larger than that for a 2D graphene sheet,
the 1D Brillouin zone (BZ) for the nanotube is much smaller than the BZ for a single
2-atom graphene 2D unit cell. Because the local crystal structure of the nanotube
is so close to that of a graphene sheet, and because the Brillouin zone is small, the
zone-folding techniques have been commonly used to obtain approximate electron and
phonon dispersion relations for carbon nanotubes.

Whereas the lattice vector T, given by Eq. 2.4, and the chiral vector C;, given
by Eq.2.1, both determine the unit cell of the carbon nanotube in real space, the
corresponding vectors in reciprocal space are the reciprocal lattice vectors K, along
the nanotube axis and K in the circumferential direction, which gives the discrete k
values in the direction of the chiral vector C,. The vectors K; and K, are obtained
from the relation R; - K; = 274;;, where R; and K are, respectively, the lattice

vectors in real and reciprocal space, and K; and K therefore satisfy the relations

Ch'K1=27I', T'K1=0,
Ch'K2=0, T-K2=27r.

(2.7)
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From Egs. (2.7) it follows that K; and K, can be written as:
K, = ! toby +t1bg), Ko = ! b b 2.8
1-—N( aby + t1by), 2—N(m 1 — nby), (2.8)

where by and b, are the reciprocal lattice vectors of a 2D graphene sheet given above
(See Figure 2-2 (b). The N wave vectors pK; (. = 0,--- ,N — 1) give rise to N
discrete k vectors in the circumferential direction. For each of the y discrete values of
the circumferential wave vectors, a 1D electronic energy von Hove Singularity appears.
Because of the translational symmetry of T, the wave vectors in the direction of Ko

are quasi-continuous for a carbon nanotube of near-infinite length.

2.1.1 Electronic Structure

In the simplest model, the electronic structure of a SWNT can be obtained from its
parent material graphite, with additional confinement constraints to account for the
highly confined 1D geometry. While the in-plane ¢ bands form a strong covalent
bonding network within the 2D graphene layer, the non-hybridized m bands are close
to the Fermi level, so that electrons can be optically excited from the valence () to
the conduction (7*) band. Using the simple tight binding calculation, one can obtain
dispersion for the 7 and 7* bands of 2D graphite as shown in Fig. 2-3(a) [1]. The
optical transitions occur close to high symmetry K points, where the valence and
conduction bands touch each other in graphite.

Due to the periodic boundary condition, the wave vectors along the circumferential
direction become quantized, in which k;, = ¢K;, where Ky = 2/d; and ¢ = integer.
The wave vectors k| along the tube axis direction K remain continuous (k“ = aks,
a real, |a| < 1/2). The K; and K are the basis vectors for the nanotube Brillouin
zone. As a result, the allowed wave vectors in the carbon nanotube reciprocal space
can be represented in the 2D graphene sheet Brillouin zone by cutting lines of allowed
wave vectors, as shown in Fig. 2-3(a) [3]. The electronic structure of the nanotube can
then be obtained by superimposing the 1D cutting lines on the 2D electronic constant
energy surfaces, as shown in Fig.2-3(b). For simplicity, Figs.2-3(a) and (b) shows
the the SWNT electronic structures for a (4,2) SWNT obtained from the cutting
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Figure 2-3: (a) The calculated constant energy contours for the conduction and va-
lence bands of a graphene layer in the first Brillouin zone using the m-band nearest-
neighbor tight-binding model [1]. Solid curves show the cutting lines for the (4,2)
nanotube [3]. (b) Electronic energy band diagram, E(k) for the (4,2) nanotube ob-
tained by zone-folding from (a). (c) Density of electronic states for the band diagram

shown in (b).
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line and zone folding approach [1,3]. In reality, the large curvature in such a small
diameter SWNT introduces re-hybridization of the sp? bonding network, as well as
a mixing of the ¢ and 7 bonds. More accurate methods will be required to describe
the electronic structure of small diameter SWNTs.

Although the 1D electronic band structure of this small diameter tube, appears to
be complex, the optical absorption or emission rate in nanotubes is related primarily
to the electronic states at the vHSs, as shown in Fig. 2-3(c), thereby greatly simplifying
the analysis of the optical experiments. These arguments also apply to the case of
excitonic transitions discussed below.

In theory, the distance between two neighboring cutting lines in Fig.2-3(a) is
inversely proportional to the nanotube diameter (K; = 2/d;), and their direction
relative to the hexagonal 2D Brillouin zone depends on 8. It is, therefore, easy to
imagine that each (n,m) SWNT exhibits a different set of vHSs in its valence and
conduction bands, and a different set of electronic transition energies between its
valence and conduction band vHSs. For this reason, optics experiments can be used
for structural characterization of a given (n, m) carbon nanotube. By calling E;; the
electronic transition energies between electronic valence and conduction bands with
the same index, with the subscript i = 1,2, 3... labeling the Ej; values for a given
SWNT as their energy magnitude increases [1], the set of measured F;; values will be
specific to each individual (n,m) nanotube.

SWNTs can be classified according to whether mod (2n+m,3) = 0,1 or 2, where
the integers 0, 1,2 denote the remainders when (2n +m) is divided by 3. Here mod 1
and mod 2 SWNTs are semiconducting, while mod 0 SWNTs (n < m) are metallic at
room temperature. Frequently, superscripts S or M are used to denote the electronic

transition energies EM for metallic SWNTs and Ef for semiconducting SWNTs.

2.1.2 Phonon Structure

Phonons denote the quantized normal mode vibrations, and these crystal vibra-
tions strongly influence many physical processes in condensed matter systems. The

phonon dispersion relations in a SWNTs can be obtained from those of an isolated
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Figure 2-4: Phonon dispersion relation of graphite, calculated using the force con-
stants determined by fitting of the experimental points obtained from electron energy
loss spectroscopy, inelastic neutron scattering, velocity of sound, and X-ray diffraction

techniques [4-6]

2D graphene sheet by using the similar zone folding approach [5,29, 30] as was used
to find the 1D electronic dispersion relations [1,31]. In an ordinary graphene lattice,
two atoms A and B in the unit cell of the graphene layer (see Fig.2-1) give rise to six
phonon modes, because of the three degrees of freedom per atom. By superimposing
the N cutting lines in the Ki-extended representation on the six phonon frequency
surfaces in the reciprocal space of the graphene layer, according to the zone-folding
scheme as described previously, 6 N phonon modes can be obtained for each carbon
nanotube. The 6 (N/2 — 1) pairs of the phonon modes arising from the cutting lines
of the indices u and —p, where p = 1,...,(N/2 — 1), are expected to be doubly de-
generate, similarly to the case of the electronic subbands discussed peviously, whereas
the 12 phonon modes arising from the cutting lines of the indices 4 = 0 and p = N/2
are non-degenerate, so that the total number of distinct phonon branches is 3 (N + 2).
The calculated phonon dispersion curves of Fig.2-4 were calculated using force con-
stants determined by fitting of the experimental points obtained from electron energy

loss spectroscopy, inelastic neutron scattering, velocity of sound, and X-ray diffraction
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techniques [4-6].

The strong 1D characteristics of nanotubes also give rise to sharp features in
the phonon density of states for SWNTs from those of the 2D graphene sheet [1],
as is illustrated, respectively, in Fig. 2-5(a) and (b) for a (10,10) SWNT. The large
amount of sharp structure in the phonon density of states in Fig. 2-5(b) for the (10,10)
SWNT reflects the many phonon branches and the 1D nature of SWNTs relative to
2D graphite. The phonon density of states for 2D graphite shown in Figure2-5(c)
is obtained by summing the 1D phonon density of states for many SWNTs [1,7].
In addition to the longitudinal acoustic (LA) and transverse acoustic (TA) modes,
some important modes for coupling electrons to the lattice are the low-lying optical
modes at the center of the Brillouin zone ¢ = 0. These modes include one with E,
symmetry expected at ~17cm™! (the squash mode), one with E; symmetry, expected
at ~118cm™!, and one with A symmetry (radial breathing mode) [1,11]. Figure2-7
shows the Raman-active modes of A, E;, and E; symmetries and the corresponding
cutting lines p = 0, u = £1, and pu = £2 in the unfolded 2D Brillouin zone. The T’
points of the cutting lines are shown by solid dots. Of these three low energy phonon
modes, it is only the radial breathing mode (RBM), where all the carbon atoms
are vibrating in phase in the radial direction, that has been studied experimentally.
The mode is unique to SWNTs and does not occur in other carbon systems, and
the presence of the feature has been of great importance in identifying the presence
of nanotubes in a given sample and in the characterization of nanotube-containing

materials, as discussed in Sec. 2.3.

2.2 Resonance Raman Scattering Processes

A Raman scattering event usually consists of either (1) photon absorption to excite
an exciton (an electron-hole bound state created by the photon), (2) phonon emission
from an exciton, and (3) finally photon emission by the exciton. The scattered light
is measured as a Raman spectrum. In light scattering, the photon absorption process

generally occurs even though the energy separation between the ground and the
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Figure 2-5: (a) The calculated phonon dispersion relations of an armchair carbon
nanotube with (n,m) = (10,10). The number of degrees of freedom is 120 and the
number of distinct phonon branches is only 66 because of the degeneracy of these
modes due to symmetry arguements [1]. (b) The corresponding phonon density of
states for a (10,10) nanotube [7]. (c) The corresponding phonon density of states for
a 2D graphene sheet [1].

excited states is not equal to the energy of the photon, in which case we call the
transition a virtual or non-resonant transition.

On the other hand, when the vibrational frequency is close to an eigen frequency
of the system, the vibrational amplitude becomes singularly large. This enhancement
in intensity is identified with the resonance phenomenon. Similar resonance effects
occur in Raman scattering process, where the scattered amplitude becomes very large
when FEl., is close to the transition energy for light absorption or emission (F;;). If
the resonance Raman effect occurs for photon absorption, that is the incident light

resonance condition,
Elpser = Eyi (incident light resonance), (2.9)

all Raman features will be resonantly enhanced. For the scattered light resonance

condition, a phonon with frequency w; is created,
Blaser = Fyi + huw; (Stokes scattered light resonance), (2.10)
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and the resonance condition depends on the phonon energy Aw;.

Inelastic scattering of light can also occur in phonon absorption events (anti-Stokes
Raman scattering). In order to absorb a phonon, the phonon should be present in
the Bose-Einstein distribution at thermal equilibrium. The resonance condition for
the anti-Stokes Raman spectra for the incident light resonance condition is the same
as that of the Stokes spectra, whereas the scattered light resonance condition of the

anti-Stokes spectra is given by

Ejaser = Eii — hw;  (anti — Stokes scattered light resonance), (2.11)

Thus, by comparing the Stokes with the anti-Stokes spectra, we can determine
whether the resonance condition is for incident resonance or scattered resonance. The
number of emitted phonons before relaxation of the lattice can be one or more, and
the order of a scattering event is defined as its number in the sequence of all the
scattering events, including both phonon inelastic scattering and elastic scattering by
a defect of the crystal. The lowest order process is the first-order Raman scattering
process which gives Raman spectra involving one-phonon emission, such as the RBM

or the G-band feature shown in Fig. 2-6(a) for SWNTs.

2.3 Resonance Raman Spectroscopy of SWNT's

2.3.1 First order Raman Spectra

As described earlier, resonance Raman spectroscopy has proven to be a very effective
tool in the study of not only the vibrational properties of the carbon nanotubes,
but also the 1D electronic DOS through the resonant Raman effect, which increases
the Raman signal by over six orders of magnitudes. Due to the very sharp van
Hove singularities in the 1D DOS, optical absorption cross section becomes very
high under resonant conditions. In this thesis, a sample of SWNTs produced using
Co and Mo catalysts with a narrow Gaussian diameter distributions is studied in

detail, and we have been able to probe the predicted 1D behaviors in the resonance
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Figure 2-6: (a) Raman spectra from HiPco SWNT bundles (see text) [8]. (b) Raman
spectra from a metallic (top) and a semiconducting (bottom) SWNT at the single
nanotube level. The spectra show the radial breathing modes (RBM), D-band, G-
band and G’ band features, in addition to weak double resonance features associated
with the M-band and the iTOLA second-order modes [9]. The isolated carbon nan-
otubes are sitting on an oxidized silicon substrate which provides contributions to the

Raman spectra denoted by ‘*’, and these Si features are used for calibration purposes

[10].
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Figure 2-7: The Raman-active modes of A, E;, and E; symmetries and the corre-
sponding cutting lines 4 = 0, u = £1, and u = £2 in the unfolded 2D Brillouin zone.
The T points of the cutting lines are shown by solid dots. The table gives irreducible
representations and basis functions for the Raman-active modes according to group
theory. The Z axis is parallel and the XY plane is perpendicular to the nanotube
axis. [1,11]
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Raman spectra. The first-order Raman spectra of SWNTs are dominated by three
features. The RBM feature is located at a range with very low frequency shifts (200
em™!) and involves a radially symmetric vibration of the carbon atoms about the axis
of the nanotubes. This feature yields structural information about the nanotubes,
since the RBM frequency is inversely proportional to the nanotube diameter. In the
intermediate frequency region is a feature of low intensity located at approximately
1300 em ™! (D-band), which has a completely different and highly dispersive resonant
behavior, i.e., it shifts to higher frequencies as the laser excitation energy is increased.
This feature is associated with a 2D resonant behavior of the carbon nanotubes. The
high frequency tangential mode (G-band) region involves motion of the carbon along
the nanotube axis, about the circumference, and all tangential directions in between.
However, the modes along the axis and along the circumference are the directions
most commonly used for characterization purposes. Study of this mode has yielded
a lot of information about the electronic density of states and the nature of the

electron-phonon coupling.

Radial Breathing Modes

Since the RBM is a nanotube-specific feature that does not appear in other carbon
materials, the presence of the RBM has become an important signature to identify the
present of SWNT's in carbon materials. The RBM frequency wgrpy gives the nanotube
diameter through the relation wrpy = a/d; + 3, where a = 248cm~!nm and 8 = 0
has been found to apply to isolated SWNTs on a Si/SiO, substrate [7,10,32]. In
the case of nanotube bundles or bulk samples dispersed in solution using wrapping
agents, [ accounts for the intertube interactions and environmental effects. The
values of unique « and 3 combinations have been determined empirically for different
samples prepared using different methods. Considering the d; values obtained from
the wrpMm, and F;; ~ FElr from the resonance condition, the RBM feature can be
used for making (n, m) assignments of individual SWNTs [10]. Figure.2-6(b) shows
the spectra for isolated nanotubes grown on a SiO; substrate. The spectra were taken

with a laser excitation of By = 1.58€V (785 nm). The observed RBM and G-band
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spectral features for the upper spectrum are related to a SWNT with d; = 1.59 nm.
Elsser 1 now in resonance with E{‘{I , and can be assigned as a metallic (13,10) SWNT.
The lower spectra comes from a semiconducting (23,1) SWNT, where Ejyse is in

resonance with Ej;.

Tangential G-band feature

The SWNT G band is composed of six components due to the phonon wave vector
confinement along the SWNT circumferential direction, but most of these peaks have
small intensity. Most G-band spectra for SWNT's shows two dominant features, one
peaked at 1593cm™! (G*) and the other peaked at 1567cm™' (G~)(for nanotubes
of diameter ~1.4nm). The G* feature is associated with carbon atom vibrations
along the nanotube axis and its frequency wg+ is sensitive to charge transfer from
dopant additions to SWNTs. The G~ feature, in contrast, is associated with vibra-
tions of carbon atoms along the circumferential direction of the nanotube, and its
line-shape and peak frequency is highly sensitive to whether the SWNT is metallic
(Breit-Wigner—Fano line-shape) or semiconducting (Lorentzian line-shape) (33, 34].
While the most intense peaks at 1593 cm ™ and 1567 cm™! arise from phonons with
A and E; symmetries, the smaller intensity features at 1526 cm™! and 1606 cm ™! are
associated with Fy symmetry phonons. Phonons with A, E; and E; symmetries can
be distinguished from one another by their behavior in polarization-sensitive Raman
experiments [12,35]. These are the only phonon symmetries giving rise to Raman
active modes [3].

Polarization analysis of Raman spectra and a comparison with ab initio calcu-
lations is consistent with the observation of A, F; and E; symmetry modes in the
G-band for SWNTs. Figure2-8(a) shows three different G-band Raman spectra from
a semiconducting SWNT, but with different directions for the incident light polariza-
tion, i.e. 6%, 0% +40° and 05 + 80°. Well-defined peaks associated with the G-band
features are clearly observed, with different relative intensities for the different po-
larization geometries, and they are assigned as follows: 1565 and 1591cm™ — A;

1572 and 1593cm™! — Ey; 1554 and 1601cm™! — E,. The SWNT giving rise to the
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Figure 2-8: Polarization scattering geometry dependence for the G-band from two
(a) and (b) isolated SWNTSs in resonance with Ejyser = 2.41€V. The Lorentzian peak
frequencies are in cm ™. 6% and 6% are the initial angles between the light polarization
and the SWNT axis directions, not known a priori. From the relative intensities, and

the polarization behavior of the G-band modes, we assign 65 ~ 0° and ¢ ~ 90° [12].

G-band spectra exhibits wrpy = 180cm™! (d; = 1.38 nm) [10].

Figure 2-8(b) shows two G-band Raman spectra obtained from another semicon-
ducting SWNT (wrem = 132cm™?), with 6% and 8%+90°. The spectra can be fit using
four sharp Lorentzians, and a broad feature at about 1563 cm~!. This broad feature
(FWHM ~ 50cm™!) is sometimes observed in weakly resonant G-band spectra from
semiconducting SWNTs. A broad feature is also observed at ~ 1610cm ™! for spectra
from other SWNTs. Both broad features may be associated with a double resonance
process [36]. From previous polarization Raman studies [35], the sharp peaks at
1554 and 1600cm~! are assigned as Es modes, while the 1571 and 1591 cm™! peaks
are assigned as unresolved (A + E;) modes, their relative intensities depending on the

incident light polarization direction [35].
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Figure 2-9: (a) First-order and (b) one-phonon second-order, (c) two-phonon second-
order, resonance Raman spectral processes: (top) incident photon resonance and
(bottom) scattered photon resonance conditions. For one-phonon, second-order tran-
sitions, one of the two scattering events is an elastic scattering event (dashed lines).

Resonance points are shown as solid circles[13]. See text for details.

2.3.2 Overtones and Second Order Features
Double Resonance Scattering Processes

Figure 2-9 shows the schematic diagram of one and two phonon scattering processes
occurring in most Raman scattering events for SWNTs. In second-order Raman
scattering events, as shown in Fig.2-9(b) and (c), the q and —q scattering wave-
vectors are involved, so that an electron can return to its original k position after
scattering. Second-order Raman scattering consists of either (b) one-phonon and
one-elastic scattering event, or (c) two-phonon scattering events. In the case of two-
phonon scattering events, we can have involvement of either the same phonon modes
(overtone mode) or different phonon modes (combination modes).

In second-order double resonance (DR) processes for carbon materials [see Fig. 2-
9(b) and (c)], the electron (1) absorbs a photon at a k state, (2) scatters to k+q
states, (3) scatters back to a k state, and (4) emits a photon by recombining with
a hole at a k state. The two scattering processes consist of either elastic scattering
by the defects of the crystal or inelastic scattering by emitting a phonon, as shown
in Fig.2-9. Thus (1) one-elastic and one-inelastic scattering event [Fig. 2-9(b)] and

(2) two-inelastic scattering events [Fig. 2-9(c)] are relevant to 2nd order Raman spec-
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troscopy. In a DR Raman process, two resonance conditions for three intermediate
states should be satisfied, in which the intermediate k + q state is always a real elec-
tronic state (solid circles in Fig. 2-9) and either the initial or the final k states is a
real electronic state. The Raman intensity of a double resonance process is, in princi-
ple, comparable to that of a first order process obeying a single resonance condition.
In order to satisfy energy-momentum conservation in one-phonon DR Raman spec-
troscopy [see Figs.2-9 (bl) and (b2)], the inelastic scattering process gives a shorter
phonon q vector from the initial k state than the elastic scattering process.

The electronic structure of 2D graphite near the Fermi energy E¥ is linear in wave
vector k, which is expressed by the crossed solid lines in Fig. 2-9. The crossing point
corresponds to Ep located at the K point. When the laser energy ... increases, the
resonance k vector for the electron moves away from the K point. In the DR process,
the corresponding q vector for the phonon increases with increasing &, measured from
the K point. Thus by changing Elaser, we can observe the phonon energy fuw(q) along
the phonon dispersion relations (Fig. 2-10). This effect is observed experimentally as
a dispersion of the phonon energy as a function of Ejer [37]. A tunable laser system
can directly show this dispersive behavior for a dispersive feature such as the D-band
or the G’-band in the Raman spectrum.

When we consider the energy and momentum conservation for £ and ¢, we need
to introduce two other concepts to describe the scattering processes: intravalley and
intervalley scattering, respectively, associated with ¢ = 0 and ¢ = 2k phonons where
the value of k is measured from the K (or K') point [14,38]. Since Ep is located
at two inequivalent K and K’ points in the 2D Brillouin zone, we can consider the
scattering not only in the vicinity of the K (or K’) points, as shown in Fig. 2-9, but
also in scattering from K to K’ (or from K’ to K). The corresponding g vector for
intravalley and intervalley scattering is, respectively, near the I' and K points, as
measured from the I" point. Only ¢ = 2k modes will show a large dispersive behavior
for the Raman frequency as a function of Fj,e;.

Both in graphite and in SWNTs, the D-band at 1350cm ™" and the G’-band at

2700 cm ™! (for Eluser = 2.41€V) are, respectively, due to one-phonon and two-phonon,
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Figure 2-10: (a) Calculated Raman frequencies for the double resonance condition as
a function of Fiaee: (bottom axis) and the ¢ vector along I'-K (top axis). Solid and
open circles correspond to phonon modes near the K and I' points, respectively. (b)
The 6 graphite phonon dispersion curves (lines) and experimental Raman observations

(symbols) are placed according to double resonance theory [14].
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2nd order Raman intervalley scattering processes. Thus for graphite, the D-band

~! (one-phonon DR) can be fitted to two Lorentzians,

spectra appearing at 1350 cm
while the G’-band feature at 2700 cm ™! (two-phonon DR) can be fitted to one Lorentzian
[38]. The disorder-induced D band is observed in disordered graphite-like materials,
including carbon nanotubes, while its second-order harmonic, the G’ band is ob-
served even in the absence of defects. Typically wp and wg would be measured for
FElaser = 2.41€V and their dispersion would be 53cm™!/eV and 106 cm™!/eV, respec-
tively, for SWNTs. Although the wp and wg dependences on Ej, are linear for
most disordered graphite-like materials, wp and wg in SWNTs exhibit an anomalous
oscillatory dispersive effect, since the resonance condition for SWNTs occur at their
1D vHSs [39-41]. Many weak features in the Raman spectra for SWNTs can be
assigned to one-phonon or two-phonon, 2nd order double resonance processes, and
these are listed in Table 2.1 together with their frequencies and dispersion dw/ dEl‘?ser.

Also of importance is the variation of their mode frequencies with tube diameter d;

[42].

D and G’ bands

Also commonly found in the resonance Raman spectra in SWNT is the D-band feature
with wp at 1200-1347 cm ™! in Fig. 2-6(a) and (b), stemming from the disorder-induced
mode in graphite, and its second harmonic, the G’ band (not shown) occurring at
~ 2wp, both associated with a double resonance process [43]. Both the D-band and
the G’-band are sensitive to the nanotube diameter and chirality, and therefore have
been very important in revealing much new physics about carbon nanotubes from
single nanotube studies, as discussed below.

Single nanotube measurements of the D-band and G’-band features show these
features to be connected to a double resonance process [44], with special properties
associated with the van Hove singularities of the SWNTs [45-48]. Measurements of
the D-band and the G'-band frequencies at the single nanotube level provide unique
information on the chirality and diameter dependence of wp and wgr, and can be

used to measure the trigonal warping effect in the electron and phonon dispersion
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Table 2.1: Properties of the various Raman features in graphite and SWNTs.!)

Name w[em™] Res.? dw/dE® Notes
iTA 288 DRI1-AV 129 iTA mode, ¢ = 2k
LA 453 DRI-AV 216 LA mode, g =2k
RBM 248/d; SR 0 Nanotube only, vibration of radius
oTO 860 DR1-AV 0 IR-active mode in graphite
D 1350 DRI-EV 53 LO or iTO mode, ¢ = 2k
LO 1450 DRI-EV 0 LO mode, g =0
G 1582 SR 0 Raman active mode of graphite
M- 1732 DR2-AV -26 overtone of 0TO mode, g = 2k
M* 1755 DR2-AV 0 overtone of 0TO mode, g =0
iTOLA 1950 DR2-AV 230 combinational mode of iTO and LA
G 2700 DR2-EV 106 overtone of D mode
2.0 2900 DR2-AV 0 overtone of LO mode
2G 3180 DR2-AV 0 overtone of G mode

1) Dispersive mode frequencies w are given at FEjaser = 2.41€V.

2) The notation used here to classify resonance (Res.) Raman scattering processes is:

SR: 1st order, single resonance; DR1: 1 phonon, double resonance; DR2: 2 phonon, double

resonance. AV: intravalley scattering; EV: intervalley scattering;

3) dw/dE denotes the change w in cm™! produced by changing E = Ej, by 1€V.

45



relations of SWNTs, providing information not readily available using other experi-
mental techniques [49].

Measurements of wp and wgr for special semiconducting SWNTs, where the inci-
dent photon is in resonance with one vHS (e.g., EZ;) and the scattered photon is in
resonance with another vHS (e.g., E5;) is a special Raman effect that can be observed
for very special SWNTs. These observations, are particularly useful for corroborating
specific (n,m) assignments made by the RBM mode, as well as for corroborating the
(n, m) assignment procedure itself [49]. The corresponding measurements for metallic
SWNTs provide definitive information about the magnitude of the trigonal warping
effect in the electronic structure of SWNT's because of the strong coupling of electrons

and phonons under strong coupling conditions [47].

Other Double resonance features

To help with the identification of the origin of the many Raman features, analysis
of the dependence of the spectra on Fj,e, is usually carried out to determine the
dispersion of these spectral features as Fj,e, is varied. Such information can be seen
from the spectra in Ref. [50] on SWNT bundles. Figure2-11 shows that the M feature
near 1750 cm™ can be analyzed in terms of two components with frequencies wj; and
wit;- A Lorentzian fit was therefore made of the several Raman features observed from
1650 to 2100cm™! from SWNT bundles, using different Ej,g., excitation lines. This
figure shows that the lower frequency mode wj, exhibits a weakly dispersive behavior
(frequency wj; shifting down by ~ 30cm™! as Ejus;, is varied from 1.58 €V to 2.71€V),
while the upper feature frequency wj, is basically independent of Ejaser.[51] The higher
frequency iTOLA mode is highly dispersive and upshifts from 1864 cm™! to 2000 cm™?
88 F,eer varies from 1.58eV to 2.71eV.

The features observed between 1650 and 2100cm™! are, therefore, assigned as
overtones and combination modes related to graphite, as predicted by double reso-
nance theory [14]. More specifically, the two features near 1750cm™ (M band) are
attributed to overtones of the out-of-plane (0TO), infrared-active mode at 867 cm™

in graphite, with M* identified with an intravally overtone of 0TO phonon and M~
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Figure 2-11: Lorentzian fits of the Raman spectra taken at several Ej. values for
the M feature near 1750 cm™! and the highly dispersive iTOLA feature observed at
1950 cm™! in SWNT bundles [9]. Peak frequencies (cm™!) and Ej,; values (eV) are
displayed.

with an intervalley overtone (see Table 2.1). The feature at ~1950cm™" (iTOLA
band) is attributed to a combination of one phonon from the in-plane transverse
optical branch (iTO) plus one phonon from the longitudinal acoustic (LA) branch,
iTO+LA.

Resonance Raman spectroscopy with an energy tunable system is also used to
analyze Raman features appearing in the spectral region between 600-1100cm™!, in
single-wall carbon nanotubes. Figure2-12(a) plots the Ej,sr dependence of the IFM
features. This figure was constructed by taking IFM spectra obtained with 22 different
FElaser values between 1.92eV and 2.71 eV, and represents results that would be seen
by a continuously tunable laser. The light areas in Fig. 2-12(a) indicate strong Raman
intensities. The IFM Raman spectra obtained with Fj.r = 2.05eV, 2.20eV, 2.34¢V,
and 2.54 eV are shown in Fig. 2-12(b) as examples. The spectra taken at various Ejsser,
as shown in Fig. 2-12, exhibit features with a dispersive behavior, i.e., the phonon
frequencies change with changing Flase;. Figure 2-12(a) shows the FEj,s; dependence

of Raman spectra as a (quasi)continuous development, whereas Raman spectra taken
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Figure 2-12: (a) Two-dimensional plot for the Ej,sey dependence for the Raman spectra
of SWNT bundles in the intermediate frequency mode (IFM) range. The light areas
indicate high intensity. Arrows point to five well-defined wipy features. (b) Raman

spectra with Ejuser = 2.05, 2.20, 2.34, and 2.54eV. [15]
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with discrete lines well spaced in energy do not make clear that the dispersion of the
peaks exhibits a step-like behavior, rather than a continuous frequency change [52].
For bulk SWNT samples synthesized using the laser ablation method, the interme-
diate frequency features are observed as sharp peaks associated with the combination
of optic and acoustic-like modes, exhibiting a step-like dispersive frequency behavior
with changing excitation laser energy. Only mod(2n+m, 3)=1 carbon nanotubes with
low chiral angles are observed to contribute to these IFM features. The specificity of
the transition has been considered a result of both electron and phonon confinement.
However, IFM features associated with mod(2n + m,3)=2 SWNTs have also been
observed in a previous report on isolated SWNT samples grown on a poly-silicon
substrate [53|. Further studies will be needed to further understand the nature of

these IFM transitions.

Stokes and Anti-Stokes Studies and Interband Transition Energy Deter-

mination

In this subsection we show how measurements at the single nanotube level allow
a determination to be made of the diameter and chirality of a nanotube, which is
usually denoted in terms of the (n,m) indices of the SWNT [1]. In addition, single
nanotube spectroscopy allows measurements to be made of the resonant window of
an individual SWNT, if a suitable “tunable” laser source is available.

In the process of measuring the Raman spectra from isolated SWNTs on a Si/SiO,
substrate using a fixed laser energy F.ser, the laser spot is focused on the substrate
surface (micro Raman spectroscopy) and is scanned over the sample until the Raman
signal from an isolated SWNT is observed. The Raman intensity from SWNTs is
usually buried under the noise, except for a few (n, m) SWNTs, which have E;; values
within the resonance window of a given Fju. Figure2-14(b) shows the Raman
spectra from three isolated SWNTs in resonance with an excitation laser Ejce =
1.58¢eV, taken from different spots on the Si/SiO, substrate shown in Fig. 2-14(a).
From knowledge of both the breathing mode frequency wrpm and FEy; ~ Ejsger, the

(n,m) geometrical structure can be defined, by comparing the calculated relative
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Figure 2-13: A Kataura plot that summarizes the calculated relative positions of
E;; and wgpym (or d;). The red circles denote the transition energies for metallic
nanotubes, whereas the green and blue circles denotes different (2n+m MOD 3) types.
The green circles denote those nanotubes with (n,m) indices such that (2n+m MOD
3 = 1). The blue circles denote the nanotubes whose (n, m) values gives (2n+m MOD
3=2). The more subtle distinction between these two types will be discussed in the

later chapters

positions of E;; and wrpm (or d;), summarized into a Kataura plot, as shown in
Fig. 2-13. The wgrpy is known to depend linearly on the number of carbon atoms
around the tube circumference, and therefore wrpy depends on 1/d;. In this work, the
relation used to relate wrpym to d; for SWNT's in the diameter range 1.2 < d; < 1.8 nm
was found to be wrpy = 2.48/d; [10] . This assignment with wrpy = 248/d;cm ™t
works well for d; > Inm. However, for small diameter SWNTs d; < 1nm, we need
to consider in detail the curvature effect of the cylindrical surface of a SWNT on Ej;
and wrpM.

By using a tunable laser, it is also possible to study the resonance window of one

isolated SWNT, giving the E} value with a precision better than 5meV, as shown
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Figure 2-14: (a) AFM image of SWNTs on a SiO, substrate. The inset shows the
SWNT diameter distribution of the sample. (b) Raman spectra from three different
spots on the Si/SiO, substrate. The RBM frequencies (widths) and the (n,m) assign-
ment for each resonant SWNT are displayed [10]. The 303 cm™! feature comes from
the Si substrate and is used for calibration purposes. (c) Raman intensity vs laser
excitation energy for the anti-Stokes RBM feature at the 173.6 cm™! assigned to an
isolated (18,0) SWNT on a Si/SiO, substrate [16]. The predicted resonant window
is shown by the solid curve, while the vHS in the DOS at 1.655¢eV is shown by the

dashed curve. Circles and squares indicate two different runs taken over the laser

energies.
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in Fig. 2-14(c) [16]. Here the resonance window for the anti-Stokes process is shown
to have a full width at half maximum intensity of only 8 meV and to be asymmetric
in lineshape, reflecting the asymmetric lineshape of the van Hove singularity [dot-
ted curve in Fig. 2-14(c)]. To observe the asymmetry in the resonance window, its
linewidth must be small. The appearance of spiky vHS peaks in the DOS is a general
effect of quantum confined 1D energy bands, but this effect is enhanced in SWNTs

because of their small d; values.

2.4 PL Spectroscopy and beyond

In addition to the RRS technique, optical absorption and photoluminescence spec-
troscopy (PL) have become an increasingly important technique for the character-
ization of single-wall carbon nanotubes(SWNT) [20-24]. Resonance Raman spec-
troscopy, optical absorption and PL spectroscopy have all been used to determine the
E;; energy values. The ability to probe the electronic structures of a large number of
semiconducting SWNTs has made these alternative optical measurements powerful
and complementary methods to resonance Raman spectroscopy (RRS) for the char-
acterization of SWNTs. The observation of the EF| energy gap for semiconducting
SWNTs is possible by measuring PL, and interesting 3D plots can be constructed,
showing the spectral interdependence of the absorption and emission energies. The
intense peaks, indicating strong optical absorption at a given E; and emission at
E1,, are related to one specific (n, m) SWNT. Since the PL measurements are usually
carried out with a lamp source that covers a large spectrum of light, a large number
of different tubes are measured at the same time. The (n,m) identification can then
be established by comparing the (2n+m = constant) family pattern with theoretical
prediction.

Similar sample characterization can also be carried out using RRS [8,54], and the
E;; values can be obtained by carefully constructing resonance windows for the Stokes
and anti-Stokes processes using a large number of closely spaced excitation energies.

Since one of more nearly tunable laser excitation sources are required for such RRS
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measurements, the corresponding characterization process is generally slower. How-
ever, the E;; values measured from RRS and PL have been found to be the same [8].

The limitation for PL is related to systems where non-radiative electron-hole re-
combination readily occurs. Therefore, light emission from metallic SWNT's or from
SWNTs in bundles cannot be observed. For such samples, resonance Raman experi-
ments could be a complementary method used for Ej;; determinations. Near-infrared
spectroscopy can be used for a quantitative evaluation of the carbonaceous purity of
bulk quantities of as-prepared SWNTs in a solution-phase [55], which is important
for practical applications. Far-infrared spectroscopy has been used to study electrons
in SWNTs, giving information about plasmons and about the unusual tiny gaps oc-
curring in quasi-metallic SWNT's due to curvature effects [56]. With recent advances
in laser technology, it is also possible to do nanotube characterization using Rayleigh
scattering spectroscopy [57], using a super-continuum white light source generated
from a ultra short-pulsed femtosecond laser. With an isolated SWNT grown across a
long trench, it is possible to directly measure the E;; transition at the single nanotube
level, for both metallic and semiconducting nanotubes. When the method is used in
conjunction with electron diffraction experiments, one can establish the direct rela-
tionship between the exact nanotube geometric structure and the electronic structure
(as observed using optical methods) without any empirical extrapolation from theo-
retical calculations. Such a direct experimental observation is very powerful, and it
can clear up many long-standing questions related to the detailed interpretation of
optical spectra based on different theoretical calculations. On the other hand, the
technique has not been widely explored in the nanotube community because the ex-
periment could only be used for SWNT's suspended over a longer trench over 10um
and, thus, not suited for SWNTs produced by bulk synthesis methods. Also, since
Rayleigh scattering measurements require an unconventional continuous white light
source, working in conjunction with signal collection apparatus tailored to the exper-

iment, only a few groups were able to carry out the experiment [57].
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2.5 Exciton Formalism and Optical Selection Rules

The advances in optical techniques and the curious E5,/E?; ratio problem have led to
developments in the theoretical description of strongly bound state of electron-hole
pairs in carbon nanotubes. In particular, the symmetry-based selection rules within
the approach of the group of the wavevector has provided important guidelines to un-
derstand the theoretical and experimental optical spectra of SWNTs. In this section,
a brief description is presented on the notation used for describing the symmetry of
exciton states in a chiral SWNT, developed within the formalism of the group of the
wavevector [58]. The factor groups for the wavevector k at the center (k = 0) and
edge of the Brillouin zone (k= /T ) are isomorphic to the Dy (Day) point group
for chiral (achiral) nanotubes, while the factor group for a general wavevector k is
isomorphic to the group Cy (Cany). Here N (2n) denotes the number of hexagons in
the unit cell for chiral (achiral) nanotubes and T is the length of the real space unit
cell. The irreducible representations of the factor groups of nanotubes are labeled
by the quasi-angular momentum quantum number p which varies between 1 — N/2
and N/2. This quantum number p is related to the projection of the compound sym-
metry operation (R|7) in the circumferential direction of the nanotube, and can be
associated with the concept of cutting lines. Another quantum number involved is
the wavevector k, which is related to translational symmetry. There are also parity
quantum numbers related to a C, rotation (a 7 rotation perpendicular to the tube
axis, bringing z to -z), reflections, and inversion operations.

To summarize the excitonic notation derived from group threory in nanotubes,
Fig. 2-15 shows a schematic diagram of the band edge excitonic state with a given
index |p|. Since the exciton wave function for the one-dimensional (1D) SWNTs con-
sists of a linear combination of products of conduction (electron) and valence (hole)
eigenstates, it is necessary to solve a Bethe-Salpeter equation in an ab initio deter-
mination of the coefficients to incorporates many-body effects and to describe the
coupling between electrons and holes. In general, the electron-hole interaction will

mix states with all wavevectors and all bands, but for moderately small-diameter nan-
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Figure 2-15: A schematic diagram of an excitonic band for a chiral nanotube. The
electron, hole and exciton states at the band edges are indicated by a solid circle and
labeled according to their irreducible representation. Dark (thicker) lines correspond
to the E, 2D representation while the blue lines (thick) correspond the A; excitons
while the cyan lines (thin) correspond to the A, excitonic states. The excitonic band
structures shown here are only schematic illustrations. Group theory does not order

the values for the eigenenergies or for the energy dispersions.

otubes (d; < 1.5 nm), the energy separation between singularities in the single-particle
1D JDOS is fairly large. Thus, it is reasonable to consider, as a first approximation,
that only the electronic bands contributing to a given 1D singularity will mix to form
the excitonic states, and the usual effective-mass and envelope-function can be used.

In Fig.2-15, the band edge state is labeled by 0E, symmetry [58-60], where 0
denotes the n = 0 envelope function state and E,, refers to its symmetry type for chiral
SWNTs. To obtain the selection rules for the optical absorption of the excitonic states,
it is necessary to consider that the ground state of the nanotube transforms as a totally
symmetric representation (A;) and that only K = 0 excitons can be created due to
linear momentum conservation. For light polarized parallel to the nanotube axis, the
interaction between the electric field and the electric dipole moment in the naﬁotube

transforms as the A, representation for chiral nanotubes [58]. Therefore, from the
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4 excitons obtained for each envelope function, only the A, symmetry excitons are
optically active for parallel polarized light, the remaining three being dark states.
Thus, an experimental Kataura plot can be interpreted as the plot of the energy of

the bright exciton state with = 0 as a function of tube diameter.
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Chapter 3

Nanotube Growth and Separation

3.1 Introduction

In this chapter, a brief review is presented on some of the important developments in
nanotube growth and separation that have significantly shaped the research described
in this thesis. The chapter will begin with a discussion on some of the challenges and
progresses that have been made on the research of nanotube synthesis. A brief in-
troduction will be presented on two widely used CO-CVD based SWNT synthesis
methods, the HiPco process and the CoMoCAT process. Then, Sec. 3.3 will discuss
how different purification and sorting techniques can be used, in conjunction with
better nanotube synthesis methods, to achieve control over the length, diameter, chi-
rality, and metallic/semiconducting properties of the SWNT materials for commercial

applications.

3.2 Controlled Growth of SWNTSs

Recent developments in carbon nanotube research have been able to provide physical
scientists with a good understanding of the one dimensional structure-property rela-
tions in carbon systems. On the other hand, the lack of a detailed understanding of
the nanotube growth mechanism remains the biggest obstacle in making commercial-

ized nanotube devices. Because of the unusually close connection between nanotube
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optical and electronic properties (such as their metallicity) and their geometric struc-
ture, it is crucial to have precise control over nanotube growth and assembly before
device fabrication can be achieved.

Numerous research efforts have been made to improve controlled nanotube synthe-
sis, and these methods have given rise to different degrees of success. Arc-discharge [61,
62] and laser ablation [63] were the first methods that enabled bulk production of
SWNTs at the gram level. Both methods produce tangled SWNT bundles by con-
densing hot gaseous carbon atoms generated from the evaporation of solid carbon.
On the other hand, the large amount of energy consumed in decomposing solid car-
bon materials, as well as the large amount of amorphous soot by-products involved
make these two methods less desirable candidates for many commercial applications
that require cheap and high quality SWNT samples. In comparison, the develop-
ments in chemical vapor deposition (CVD) based nanotube growth has made CVD
one of the most important commercial methods for SWNT production because it
provides a cheaper and more straight forward way to scale up the production of high
quality SWNTs to industrial levels. CVD is generally used to describe heteroge-
neous reactions in which both solid and volatile products are formed from a volatile
precursor through chemical reactions, and the solid products are deposited onto a
substrate [64—66]. CVD has been successfully used for industrial-scaled production of
carbon materials for more than 20 years, and carbon fibers and multi-walled carbon
nanotube (MWNT) materials [67, 68] produced using CVD has been widely used in
various carbon films and composite products. Only recently has the growth of SWNTs
using CVD become possible [69-73]. Since it is possible to use the CVD method to
produce well-separated individual nanotube samples that can be used in conjunction
with photolithography processing, these nanotubes can be directly used to fabricate
nano-scaled devices. In the following sections, I will go into a more detailed discussion
of CVD growth of SWNTs using CO as a stock gas. The section will discuss how
diameter control can be achieved by careful controlling the growth conditions. The
HiPco and the CoMoCAT processes, two of the most important CO-CVD synthesis
methods will also be introduced. Both methods are known to create high quality
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Figure 3-1: Transmission electron microscopy images of single-walled carbon nan-

otubes (SWNTs) synthesized by HiPco process [17]

SWNT bundles with relatively a small average diameter.

3.2.1 CO Chemical Vapor Deposition

Carbon monoxide (CO) was one of the very first feed gases used in 1996 in the growth
of SWNTs using chemical vapor deposition (CVD) in 1996 [71]. It was reported that
most of the resulting SWNTs had catalytic particles attached to the ends, indicating
that the growth of SWNT's was catalyzed by preformed nanoparticles. Due to safety
reasons, the use of CO as stock gas in the growth of SWNTs is not as prevalent
as the use of methane, ethylene, or alcohol, which are relatively cheaper and safer
alternatives. However, the use of CO as a feed gas does offer certain advantages over

hydrocarbons in reducing the amount of amorphous carbon present in the sample.

The HiPco Process

An important development in the CO CVD-based SWNT synthesis is the HiPco

process. HiPco stands for high-pressure catalytic decomposition of carbon monoxide.
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This process makes use of high-pressure CO as the carbon source, and the catalysts
are formed in the gas phase from a volatile organometallic catalyst precursor intro-
duced into the reactor. The organometallic species decompose at high temperature
and form metal clusters on which SWNTs nucleate and grow. The HiPco process
was originally developed at Rice University. [74, 75] In this procedure, high-pressure
(30100 atm) and high temperature (1050°C) CO with Fe(CO)s as a catalyst pre-
cursor produced high-quality SWNTs at a rate of approximately 450 mg/h. The
product consists of entangled SWNT bundles interspersed with Fe nanoparticles and
amorphous carbon, as shown in Fig. 3-1. The production rate for the HiPco process
was found to increase with increasing pressure up to 50 atm [75], indicating that
this is a surface-reaction-limited process. The CVD methods that use such volatile
organometallic precursors catalysts are normally called floating catalyst CVD meth-
ods. To support the floating catalyst synthesis, the furnace used in these new CVD
systems are in a vertical configuration instead of the more commonly used horizontal
configuration. In conjunction with using CO stock gas, it was also found that the
addition of hydrogen can greatly enhance SWNT synthesis by CO disproportiona-
tion [76,77]. The effect of hydrogen can be explained in two possible ways. The
hydrogen molecules can directly reacts with CO, producing carbon and HyO. The
hydrogen molecules can also interact with catalyst nanoparticles, so that the activity

of the catalyst toward CO disproportionation is enhanced.

Diameter Control and the CoMoCAT Process

Another important advance in the CO-based CVD method is the CoMoCAT process [78,
79| developed at Oklahoma State University. The process has been gaining popularity
because it produces bulk SWNTs sample with very narrow and well defined diameter
and chirality distribution. Diameter control of SWNTs has become a very impor-
tant subject for both basic research and for industrial applications. In general, the
diameter of SWNTs is believed to be determined by the size of the catalyst nanopar-
ticles. Since catalyzing metal/metal oxide nanoparticles tend to aggregate during the

growth process, the resulting SWNT samples usually have a broad distribution of
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Figure 3-2: Transmission electron microscopy images of single-walled carbon nan-

otubes (SWNTs) synthesized by CoMoCAT process [17]

diameters. A popular approach to control the nanotube diameter distribution is to
allow the catalyzing nanoparticles to be mono-dispersed in a variety of host materials
to prevent aggregation. Metallo-proteins, zeolite molecules, and dendrimers of dif-
ferent sizes have been used as templates to control the sizes of the metallic catalyst
particles [80-83]. It is also possible to control the sizes of metallic nanoparticles by
tailoring the synthesis to form clusters with well-defined stoichiometry in the metallic
nanoparticles. The different methods have been able to achieve fairly good control
over the diameter range between 1.1 — 1.4nm. In the case of zeolite-derived SWNTs;
the average diameter can be as small as 0.4nm. On the other hand, since the size
control of host materials or the tailored synthesis of metal catalysts requires either
fairly expensive precursors or sophisticated multi-step synthesis, it is more difficult
to scale up the nanotube production to industrial levels.

In comparison, the CoMoCAT process provides a simpler alternative to produce
bulk SWNT samples with a narrow diameter distribution. In this process, a silica-
supported bimetallic Co-Mo catalyst and a fluidized bed CVD reactor were used to
produce a large quantity of SWNTs [78,79]. It has been found that the product
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Figure 3-3: A comparison of the photoluminescence (PL) spectra of a HiPco and
CoMoCAT SWNT suspension that are dispersed in sodium dodecyl sulfate (SDS)
solution [18]. The PL characterization shows that the SWNT samples made by the
CoMoCAT process have smaller average diameters, and the diameter distribution is

narrower, compared to SWNTs made with the HiPco process.
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composition produced by this method depends on the Co:Mo ratio and on catalyst
treatments that precede nanotube growth. When the total metallic loading of the cat-
alyst was at 2 weight percent and a Co:Mo molar ratio of 1:3 was used, the SWNTs
produced by this process have very narrow diameter and chirality distributions [18],
around 1.05+0.05nm. The final product is also in the form of entangled SWNT bun-
dles, as shown in Fig. 3-2. However, relatively few catalyst particles are observed in
the sample. Fig. 3-3 shows the contour plots of the normalized fluorescence intensi-
ties for the SWNTs produced using the CoMoCAT method and the HiPco method.
One can see that the CoMoCAT-produced SWNTs not only have a narrower diame-
ter distribution, but the as-produced SWNT materials have a large concentration of

(7,5) and (6,5) nanotubes.

3.3 Nanotube Separation

As rapid progress is being made in nanotube synthesis, different chemical and bio-
chemical research strategies used in nanotube separation have also been rapidly de-
veloping in parallel. Since diameter control in nanotube synthesis does not strongly
discriminate between metallic nanotubes and semiconducting nanotubes, the sepa-
ration of bulk SWNT samples based on metallicity and chirality has been a field of
enormous interest. In this section, we briefly review the developments in nanotube
dispersion, assisted by different wrapping agents, as well as how these agents facilitate

the different nanotube separation processes.

3.3.1 Polymer and DN A-assisted Dispersion and Separation

Since most of the separation strategies aim to address the different physicochemical
characteristics of individual nanotube, it is crucial for bulk SWNTs samples to be
dispersed into small bundles containing only a few nanotubes or individually dispersed
nanotubes. The choice of the dispersion medium is particularly important, and a
variety of surfactants have been used to obtain highly dispersed SWNT solutions. [84-
88]
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By exploring the complex physicochemical interactions of carbon nanotubes, it is
found that surfactant amines in particular seem to have different chemical affinity for
metallic (M) and semiconducting (S) SWNTs. Researchers at the University of Con-
necticut reported a purification approach for the bulk separation of M and S SWNT's
using the enhanced chemical affinity of semiconducting SWNTs to octadecylamine
[ODA, CH3(CH;),7NH,)] [88]. Since weak donor/acceptor interactions occur between
the amine group of ODA and semiconducting SWNTs and since these interactions ap-
pear to act together with the previously reported SWNTCOO/NH;-(CH,);,CHj; zwit-
terions, separation is promoted. [89] Unlike zwitterions, which are held together by the
low dielectric constant of the solvent, the surfactant-amine-nanotube donor/acceptor
complexes are further stabilized by means of self-organization of the long aliphatic
tail of ODA along the graphitic surface. [88] Resonance Raman spectra show that
the precipitated and supernatant fractions that precipitate are significantly enriched
in metallic nanotubes and the supernatant is enriched in semiconducting tubes [90].
Further enrichment is expected by repeating this separation process sequencially.

In terms of physical separation, one of the most promising reports involves an
dielectrophoretic separation of metallic SWNTs from semiconducting SWNTs. [91]
HiPco SWNTs solubilized with sodium dodecyl sulfate (SDS) in D50 at concentra-
tions of 10mg/L were subjected to dielectrophoresis at a frequency of 10 MHz and
a field of about 2L and 103V/cm. Based on the differences in the relative dielec-
tric constants of metallic versus semiconducting SWNTs with respect to the solvent,
the.metallic nanotubes were attracted toward the microelectrode array, leaving the
semiconducting nanotubes in the solvent, which was subsequently removed. More
recent work indicates that metallic SWNTs undergo preferential electron transfer
with diazonium salts in aqueous solution, in contrast to semiconducting SWNTs [92].
This apparent selectivity appears to be driven by the larger availability of electrons
(for metallic SWNTs) near the Fermi level, which can provide greater stabilization
of a charge-transfer intermediate preceding bond formation. This selective function-
alization of the metallic SWNTs, followed by a high-temperature elimination step

to remove these functionalities and restore the original electronic structure of the
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nanotubes, might open a new venue for the bulk separation of metallic from semicon-
ducting SWNTs [92].

In addition to the use of polymeric surfactants, single-stranded DNA has also
been shown to be an effective wrapping agent that helps to disperse nanotube bun-
dles in water. It was shown that single-stranded DNA (ss-DNA) strongly binds to
HiPco and CoMoCAT SWNTs through m—stacking and thus provides bundle exfo-
liation and SWNT solubilization in water. Moreover, since the phosphate groups
on a DNA-SWNT hybrid provide a negative charge density on the surface of the
carbon nanotube, the distribution of which should be a function of the DNA se-
quence and the electronic properties of the tube. Based on this, the DNA-metallic
SWNT complex is predicted to have less surface charge than the DNA-semiconducting
SWNT complex, due to the opposite image charge created in the metallic tube. Using
custom-synthesized 60-base ss-DNA oligonucleotides composed of periodic guanine
and thymine nucleosides, the dispersed SWNT's were injected into a strong anion ex-
change column and eluted with a linear salt gradient to give the DNA-SWNTs as a
single broad peak. By collecting a number of different fractions within this peak, by
using the diameter selective CoMoCAT starting materials, it is possible to selectively
fractionate out a fraction that is strongly enriched in specific (n, m) species [86, 93, 94].
These strongly enriched samples hold promise for advancing device development. By
taking advantage of a SWN'T sample highly enriched in a single (n, m) species, one can
also probe several different phonon-assisted processes not usually separately identified
in 3D solid state systems. The detailed optical study of this effect will be discussed
in Chapter 5 and refch6 in this thesis.

3.3.2 Length Sorting

In addition to separation by diameter and metallicity, the sorting of the SWNTs
according to their length has also been an area of on-going investigation, since a
precisely controlled aspect ratio is particularly desirable for industrial applications
such as field emission devices. Different techniques have been employed for length

sorting, and in most cases, the sorting is achieved by chromatographic techniques [19,
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Figure 3-4: AFM images of three representative SEC fractions deposited onto alkyl

silane-coated SiOy substrates [19].

84,95, 96], which are expected to be particularly important for the length fractionation
of shortened SWNTs with sizes of less than 300 nm [19,84,95,96]. Even though
capillary electrophoresis [87] and field-flow fractionation [97] have also been employed,
these techniques appear to be more effective for longer nanotubes.

A particularly interesting separation method has been reported using the size ex-
clusion chromatographic sorting of DNA-wrapped CoMoCAT sample, as mentioned
before [19]. The DNA-SWNT materials can be eluted through a series different
columns with different pore sizes to achieve the desired separation. The Sepax CNT-
SEC columns, designed specifically for DNA-coated materials have near 100% recov-
ery of the loaded DNA-SWNT materials. Since ion exchanged chromatography was
able to produce a fraction that is highly enriched in the (6,5) SWNT, the subsequent
length sorting potentially can yield complete control over the nanotube structure.
Figure 3-4 shows an AFM characterization of three representative SEC fractions
deposited onto alkyl silane-coated SiO, substrates. The AFM characterization has
shown that the separation yields a fairly uniform length distribution, with about 10%
variation in length. The availability of SWN'T samples with such precisely controlled
geometry with average lengths much shorter than the wavelength of light not only
facilitates device engineering, but it will also allow one to study the effects of the end
cap structure, as well as finite-length effects associated with the broken translational

symmetry in the axial direction of SWNTs. The implications of such finite-length
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effects will be discussed in Chapter 7 of this thesis.

3.4 Summary

The challenges surrounding the growth and separation of SWNTs have attracted a
great deal of attention since these materials were first identified. Significant progress
has been made in understanding the growth mechanism and the separation methods.
Even though extensions of these processes to the bulk scale requires further work
in optimization, steps have been taken toward a precise control over the nanotube
geometry. Such control not only holds promise for future device applications, but the
availability of SWNT samples with precisely controlled geometry has also facilitated
our understanding of physical phenomena associated one dimensional systems. Some
of the interesting 1D phenomenon observed in a DNA-SWNT sample enriched with
the (6, 5) species will be discussed in the following chapters.
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Chapter 4

Optical Characterization of

DNA-wrapped SWNTs

4.1 Introduction

As the nature of materials research becomes increasingly interdisciplinary, numerous
long-standing research problems have been revisited in recent years using biological
methods for materials modification. One of the most exciting applications of such
biological approaches is the dispersion and fractionation of single wall nanotubes
(SWNTs) using the single stranded deoxyribonucleic acid(ss-DNA) polymer [86,94].

Previous studies [86,94] have shown that ss-DNA of the poly-d(GT) sequence
forms a stable complex with individual SWNTs via the aromatic interactions between
the guanine (G) and thymine (T) bases and the nanotube sidewall. Furthermore, by
passing such DNA-nanotube (DNT-SWNT) hybrids through an ion exchange chro-
matography (IEC) column, fractions strongly enriched with SWNTs of specific metal-
licities and with a modified diameter distribution can be obtained [94, 98].

Such enrichment achieved by IEC fractionation allows one to obtain SWNT sam-
ples with highly selective (n,m) chirality and diameter distributions that circumvent
the problems in nanotube synthesis that lack chirality control. However, to further
apply these processed SWNTs to either device applications or to fundamental stud-

ies, it is necessary to understand the effects of the electronic structure of SWNTs,
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introduced by DNA-wrapping and by fractionation.

To study the effects of DNA-SWNT interactions, resonant Raman spectroscopy
(RRS) and photoluminescence (PL) studies were carried out on bundled DNA-SWNT
hybrid samples. A DNA-SWNT hybrid sample enriched with the (6,5) species ob-
tained from IEC separation was also studied to understand the effect of the (6, 5)-
enrichment. The Raman measurements show that the DNA wrapping is a diameter
selective process for the CoMoCAT nanotubes, and the fractionation and (6, 5) enrich-
ment procedures further decrease the metallic components of the sample, as shown
previously for the case of HiPco SWNTs. Photoluminescence (PL) mapping was car-
ried out to study the PL process in the DNA-SWNT hybrid system. The it* excitonic
transitions, F;;, were measured over a wide range of excitation energies, Ejqger, for
both samples. The values of the radial breathing mode (RBM) frequency, wgpwm, and
the E; of the DNA-SWNT hybrids measured by RRS and PL experiments can be
well-correlated with the previously established (2n+m=constant) family patterns for
SDS-encapsulated HiPco nanotubes [20].

By isolating individual nanotubes from inter-tube interactions and by removing
most of the metallic nanotubes to create a more homogeneous nanotube environment,
thereby increasing the excited state lifetimes for PL, DNA-wrapping and fractiona-
tion provide a new means for probing the nanotube 1D electronic structure. The
good isolation achieved by DNA-wrapping and by the removal of metallic nanotubes
through fractionation brings out well-defined components of the G-band features and
suppresses the Fo-type phonon transitions. The RBM frequencies are found to be
relatively insensitive to the nanotube environment. Through monitoring the shifts
in the interband transition energies for DNA-SWNTs, relative to SDS-encapsulated
nanotubes and fractionated, (6, 5)-enriched DNA-SWNT samples using RRS and PL,
the environmental effects are found to play a small but non-negligible role regarding
the E;; determination. The electronic structure of nanotubes can be perturbed differ-
ently when the tubes are situated in different environments, and the E; can change

by different amounts.
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4.2 Experimental

Thirteen laser excitation energies, Fjgser, were used in the RRS measurements, in-
cluding the 2.71eV (458 nm), 2.60eV (477 nm), 2.54eV (488 nm), 2.50eV (497 nm),
2.47eV (502 nm), 2.41eV (514 nm), 2.18eV (568 nm), and 1.92eV (647 nm) lines
from an Ar/Kr laser; 1.97¢eV (633 nm), 1.94eV (640 nm), and 1.88eV (658 nm) from
a dye laser (using DCM dye), pumped by an Ar" ion laser; 1.97eV (633 nm) from a
HeNe laser; and 2.33eV (532 nm) from a crystal laser. Most of the resonance Raman
experiments were carried out at the micro-Raman laboratory at Universidade Federal
de Minas Gerais in Belo Horizonte, Brazil, using a Dilor XY triple monochromator
spectrometer was used in conjunction with the Ar/Kr and the dye laser. On the other
hand, an air-cooled CCD detector attached to a Renishaw 1000B micro-Raman sys-
tem at the Boston University Photonic Center was used in conjunction with 1.96 eV
and 2.33eV excitation. All scattered light was collected through a 50x microscope
objective in the backscattering geometry. The laser power level was kept below 0.5
mW to prevent overheating the sample. By systematically monitoring the changes in
the normalized Stokes to anti-Stokes intensity ratios at different power levels between
0.05mW and 0.488mW, the average temperature (T) of the DNA-SWNTs samples
was extrapolated to be ~350K. Although a small degree of heating (~50K), was ob-
served, the changes in spectral intensities do not shift the E5, value by more than 2
meV, which is smaller than the uncertainty in the experimental E,;; determination (5
meV) [8].

SWNTs produced using CoMoCAT catalysts [99, 100], which yield SWNTs with
a narrow diameter (d;) and chiral angle () distribution, were used as the starting
material, following previously described procedures [86,94]. CoMoCAT-based DNA-
SWNT samples were analyzed by RRS (on dried SWNT bundles and DNA-SWNT
hybrids) and by PL (on DNA-SWNT hybrids in solution) experiments.

The dried DNA-SWNT samples were prepared by dropping 30uL of the stock
solution onto a sapphire substrate 1ul. at a time. The drops were allowed to dry

into a thick layer of nanotubes. An as-produced, CoMoCAT-based, non-fractionated
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DNA-SWNT sample and a (6,5)-enriched DNA-SWNT sample obtained from the
IEC fractionation process [94] were all studied. Preliminary optical absorption char-
acterization [93] have shown that the fractionated sample is strongly enriched in (6, 5)
SWNTs.

The PL experiments were carried out in a DNA-SWNT hybrid solution diluted 20
times from a stock solution at the semiconductor optics laboratory at the Universidade
Federal de Minas Gerais, Brazil. The samples were then placed in a glass cuvette with
an optical beam path of lmm. The sample was excited using a tunable Ti:Sapphire
laser, which is pumped by a high power Ar* ion laser. The emitted light was collected
in a back scattering geometry and was focused onto a North Coast Ge detection system

and a Spex 750M Spectrometer.

4.3 Resonance Raman Characterization Based on

First Order Raman Features

4.3.1 RBM

Figure 4-1 (a) shows the changes in the RBM spectra of different samples at Ejqser =
2.19eV. The differences between the RBM spectra between the as-grown, unwrapped
nanotubes and the DNA-wrapped nanotubes indicate that the wrapping mechanism
is ds-selective, selecting nanotubes within a specified d; range that fits the specific
dimensions of the GT-DNA. As shown in Fig. 4-1(a), the intensity of the RBM for
smaller and larger diameter nanotubes outside of the range of 240 — 320 cm™! are
largely reduced or eliminated as the GT-DNA strands wrap around the nanotubes.
The mechanism for DNA-assisted separation of HiPco SWNTs using IEC has been
discussed in detail in previous works [86,94]. The mechanism of DNA-wrapping for
HiPco and CoMoCAT SWNT is the same. However, the d; selectivity is more clear
in the case of DNA-wrapped CoMoCAT nanotubes. This is probably a result of the

smaller and narrower diameter distribution of the CoMoCAT nanotubes that matches

better with the pitch angle for the GT DNA polymer. The separation of nanotubes by
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Figure 4-1: (a) A comparison of RBM spectra of CoMoCAT bundles and DNA-
wrapped CoMoCAT SWNTs taken under different preparation conditions (see text).
b)A comparison of the G-band spectra of different CoMoCAT-based DNA-SWNT
samples taken with 2.19eV laser excitation (see text). After the bundles are broken
up by DNA-wrapping, the different species within the bundle only interact weakly. A
magnified trace for bulk CoMoCAT SWNT materials is shown in (c¢). The spectrum
was fitted using Lorentzian functions, and the weak E, components that only occur

in as-grown materials have been identified.
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d; and metallicity can be further achieved by IEC fractionation. A similar separation
mechanism is observed in IEC-based separation using DNA-wrapping HiPco starting
materials. However, because the center of the diameter distribution for the HiPco
SWNT starting materials is slightly larger, and with a larger spread in diameter
distribution, the degree of (n, m) enrichment achieved using the HiPco SWNTs is as
high as for the case of using the CoMoCAT SWNT as starting materials, as discussed
in the previous chapter. Compared to the as-grown CoMoCAT SWNT and the non-
fractionated DNA-SWNT samples, the wgpy for the (6,5)-enriched, fractionated
sample seems to be slightly up-shifted by about 1-2cm~!. Since the IEC fractionation
is a separation method that separates different species in a mixture based on the
surface charge carried by the individual constituent, the very small up-shift observed
in the fractionated sample is probably a result of the altered charge transfer property

between DNA molecules and SWNTs during the fractionation process.

4.3.2 G-band

The environmental effects of DNA-wrapping and the different S to M nanotubes
ratios within the sample are shown in the G-band spectra of Fig.4-1 (b). Figure4-
1 (b) shows a comparison of the G-band spectra of different environments taken
at Ejgser = 2.19 €V. Since previous PL experiments [22,99] showed that 2.19 eV
excitation is strongly in resonance with the Ej, transition of the (6,5) nanotube, the
G-band Raman spectra in Fig. 4-1 (b) are dominated by the resonant transitions of the
(6,5) nanotubes, as indicated by the dominant RBM peak at 310 cm~!. Progressively
narrower linewidths of the various G-band components are seen in Fig.4-1 as the
intertube interactions are first reduced by DNA-isolation, then as the DNA-SWNT
sample become (6, 5)-enriched, and finally as the DNA-hybrids are separated from
one another by solvation, reflecting the progressively more homogeneous environment
of the (6,5) SWNTs. This observation is consistent with the decreasing linewidth as
the SWNTs are wrapped with ss-DNA strands, and as the sample becomes (6, 5)-
enriched.

DNA-wrapping and fractionation also affect the intensity and frequencies of the
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various G-band components, as introduced in Section 2.3. Five components were
observed in the G-band spectra of the CoMoCAT starting material in Fig.4-1. The
peak at 1590 cm™! can be associated with the d;-independent G* feature composed
of components with A/E; symmetry, whereas the peaks at 1541 cm~! and 1526 cm™!
can, respectively, be associated with the d;-dependent G~ feature for the larger d;
M SWNTs (GM) and the smaller d; S SWNTs (G3) with components of A and E;
symmetry. G}, is generally associated with a broad, asymmetric spectral profile due
to phonon-plasmon interactions. However, since there were relatively fewer M CNT's
in resonance with the excitation energy in the sample, the plasmon interactions were
suppressed, and the G, could be fitted with a Lorentzian. In addition, two smaller
intensity peaks identified with E; symmetry were observed at 1498 cm™! and 1604
cm™!, as labeled in Fig. 4-1 (b) and (c)(also see Section 2.3).

The relative GM intensity was observed to decrease as more small d; (S) SWNTSs
are selected by DNA-wrapping, as shown in Fig. 4-1 (b). The intensity of the GM
further decreases as the number of M SWNT's decreases in the fractionated sample.
As the samples were wrapped by DNA, the E; modes disappeared, suggesting that the
isolation achieved by DNA-wrapping quenches such Fy-type transitions in nanotubes.

For an excitation energy at 2.19 eV shown in Fig. 4-1(b), a consistent upshift in all
the G~ peak frequencies of about 6 cm ™!, as well as a small downshift of 2cm™! in the
G peak frequency, relative to the CoMoCAT starting material, were observed for all
DNA-wrapped samples. The G~ upshift could be identified with the changes in the
in-plane vibrational force constant, resulting from the DNA-SWNT interactions. An
average downshift of the G* feature for dried and solution DNA-wrapped SWNTs

samples is found to be about 2 cm™!.

This can be attributed to the combination
of a small degree of perturbed in-plane vibrations and the charge transfer between
electron donating species of DNA molecules and the electron receiving SWNT's. For
most laser excitation energies, the experimental results show that the magnitude of

this charge transfer effect is slightly larger when the samples are in solution.
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4.4 E;; Determination

In addition to changes in the vibrational structure, the DNA-wrapping and isola-
tion also provides additional perturbation to the electronic structure of the SWNT.
In this section, I will discuss how the environmental perturbation to the electronic
structure of a SWNT can be monitored through the changes in the excitonic tran-
sition, measured from the Stokes and anti-Stokes Raman spectroscopy, as well as
photoluminescence measurements. In sec. 4.4.1, I will review the concept of the reso-
nance profile introduced previously and discuss how E;; transitions can be determined
from the relative Stokes and anti-Stokes intensities of a specific SWNT, excited at
several nearly-continuous laser excitation energies. In Sec. 4.4.2, the EZ values deter-
mined from PL measurements are discussed, and the results of the resonance profiles
as well as the shift in energies relevant to different wrapping agents are discussed in

Sec. 4.4.3.

4.4.1 Fj, Determined from RRS anti-Stokes to Stokes Inten-
sity Ratio

Stokes (S) and anti-Stokes (AS) RRS measurements were carried out on DNA-SWNT
hybrid samples. In most non-resonant Raman scattering events, the relative spectral
intensities for the Stokes and anti-Stokes processes reflect the temperature depen-
dence of the relative phonon populations. In 1D systems where the joint density
of states (JDOS) have sharp van Hove singularities, the anti-Stokes/Stokes intensity
ratio (I4s/Is) is dominated by the resonance process. Values of Ej;; were deter-
mined from the intersection of the resonance windows for the AS and S scattering
processes [101]. Since it is difficult to resolve the exact resonance window profile, the
experimental points were fit to a symmetric Lorentzian lineshape. The notation I',,
is used to approximate the full width half maximum of the resonance window profiles,
and the parameter gives qualitative information about the excited state relaxation
rate and the inhomogeneous broadening of the resonance window. The I',. for each

sample was empirically determined for each RBM feature by plotting the Raman
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peak intensities versus Ejgq. for a few closely spaced Ejqer values, and then using
a least squares fit routine to determine the widths and peak values of each intensity
profile. The values of I, for dried DNA-wrapped nanotubes and for as-produced Co-
MoCAT SWNT bundles were experimentally determined, respectively, by averaging
over Stokes data acquired for five dried S DNA-wrapped nanotubes and for three S
as-produced CoMoCAT nanotubes in a bundle. Given the limited number of Ejqser
values used in this experiment and the weak signal observed for the anti-Stokes Ra-
man process, the widths of the resonance windows for the Stokes and anti-Stokes
processes are assumed to be the same. The intensity ratios of the resonance window
profiles, constructed using the average I, values for each type of sample with similar
wrapping agents were compared to the ratios of the temperature-normalized 45/Is
ratios at Ej,er to obtain an experimental determination of Ej;, following previously
established procedures reported in Fantini et al. [8].

As shown in Fig. 4-2, the width of the resonance window for DNA-wrapped SWNT's
is much more narrow compared to SDS-wrapped HiPco SWNTs and bundled SWNTs [8].
The resonance windows for the dried, unfractionated DNA-SWNT hybrids have an
average I, value of 15 meV, which is narrow compared to the I',. for pristine, as-grown
(not wrapped) CoMoCAT nanotubes in bundles (~1004+30meV) and the T, for SDS-
dispersed HiPco nanotubes in solution (~60 meV) [8]. Since the optical signal for
DNA-wrapped SWNTs in solution is generally weak, and not enough reliable data
was obtained to establish the widths for the resonance profile, it is expected that the
width of the resonance window for solution samples are larger, as shown in Fig. 4-2(a).
The relatively narrow resonance window for dried DNA-SWNT CoMoCAT hybrids
determined here suggests that although a large number of nanotubes were measured
under the léser light spot, the individual SWNTs in the dried DNA-SWNT hybrid
bundles were well isolated from one another. With a smaller proportion of metal-
lic(M) SWNTs present, the fractionated, (6, 5)-enriched DNA-SWNT sample had a
slightly smaller I', (~ 13 — 14meV) compared to the non-fractionated DNA-SWNT
sample.

To facilitate comparison with the work of others, the RRS-determined Ej, values
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Figure 4-2: (a) shows a resonance window measured for a SDS-wrapped, HiPco SWNT
sample dispersed in solution, reported in Fantini et al. [8]. (b) shows a resonance
window of bundled HiPco SWNT sample, as previously reported in Fantini et al. [8].
(¢) shows the resonance window measured for dried DNA-wrapped CoMoCAT SWNT.
The average width of the resonance window for this sample is much smaller compared
to that for SDS-wrapped SWNTs in solution or the bundled SWNTs sample. The
solid lines here denote the Stokes profiles whereas the dotted lines denote the anti-
Stokes profiles for samples in different environments. Since the SWNT here has a
different (n,m) from the one shown in Fantini et al. [8], the transition energy is
different. The general trends in the width of the window for the same SWNTs in

different environment are the same.
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Figure 4-3: EJ, determined from the temperature-normalized I45/lg ratios of the
RRS spectra, plotted against wgrpnm, showing the (2n+m=constant) family behavior.
Colored data points denote the two DNA-wrapped samples with different S:M ratios
(see text), measured with both the RRS and PL techniques. The FE3, values are
determined from RRS and PL measurements, whereas the values of E7, values are

determined from the PL emission of encapsulated SWNTs.
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for S SWNTs were plotted against the radial breathing mode frequencies, wgrgm,
in Fig.4-3. The colored square data points denote the two DNA-wrapped SWNT
samples with different S to M ratios. To help with the interpretation of the RRS
data, the RRS-measured E3, values for the DNA-SWNT hybrids are compared to the
E3, values measured using the PL technique for an SDS dispersed HiPco nanotube

sample in solution, for which a previously determined fitting formula
wreM = 223.5/d; + 12.5cm™! _ (4.1)

was employed to extract the corresponding wrsm values [20,23]. As shown in Fig. 4-
3, the RRS measured wrpym values for the DNA-SWNT hybrids in the present work
correspond very well with the formula-extracted wrpym for the SDS nanotubes with
the same (n, m) assignment [20]. From the comparison of the E, vs. wrpnm values,
the DNA-SWNT hybrids were found to follow the (2n+m=constant) family patterns
previously determined from PL measurements of SDS-encapsulated samples (8, 20].
SWNTs in the same (2n+m)=constant family are connected by the dotted lines in
Fig. 4-3, and the family numbers are shown. The wrapping of SWNTs by DNA was
found to shift the second excitonic transition, E5,, by 10-80 meV, relative to SDS-
isolated HiPco nanotubes with the same (n,m) assignment. Fractionated and non-
fractionated DNA-wrapped samples were found to be shifted by different amounts, in
the same direction, either blue or red shifted relative to SDS-encapsulated nanotubes.
The average shift over all of the nanotubes measured comes out to be about 30meV
to the red. Since the SDS-encapsulated HiPco nanotubes were in solution, whereas
the DNA-wrapped nanotubes are dried, the difference in environment could possibly
contribute to the difference in the Fy, transition energies.

Even though good agreement can be obtained between the wgpy and Es, values
of SWNTs wrapped by different agents, preliminary analysis of second order phonon
features shows that DNA wrapping and the IEC fractionation process decreases the
linewidth and the amplitude for many of the second order Raman features, such as
the D-band, the M-band, and the combination iTOLA modes. A detailed study of the
second order features for DNA-wrapped SWNTs will be presented in later chapters.
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4.4.2 Photoluminescence (PL) Measurements

PL measurements were carried out to further investigate the effect of fractionation
and DNA-wrapping at the E7, band edge. From PL measurements over a wide range
of excitation energies, the E, and ES, transitions of the DNA-SWNT hybrids were
determined. Figure4-4 shows a section of the two-dimensional contour plot of the
excitation vs. emission energies for the unfractionated sample in solution in the near-
IR region. PL signals were observed from both fractionated and non-fractionated
samples.

The energy positions for all of the Es; and Ey; transitions measured for the two
samples using Raman and PL are listed in Table4.1. The excitation and emission
energies for these peaks can be correlated with the E5, and EY, energies previously
measured for SDS-encapsulated HiPco nanotubes in solution. For nanotubes whose
excitonic transition energies were determined from PL measurements, the values of
wrpM can also be determined using Eq. 4.1. Together, the energy pattern for nan-
otubes of different (n,m) indices is plotted in Fig.4-3. The average width of these
absorption bands is ~30meV for both the SDS/HiPco and DNA/CoMoCAT tubes.

Figure 4-3 shows the energies of the Ej, and Ef| emission peaks for the DNA-
SWNT hybrids, together with previously reported values for SDS-dispersed nan-
otubes [20,23] and the Ej, values were measured with RRS. Even though most of the
EZ values captured in our PL experiments appear to be red-shifted from the values
previously reported for SDS-encapsulated SWNTs with the same (n,m) assignments
(see Table4.1), these previously reported values can be used as a guide for us to draw
similar (2n+m=constant) family patterns for the PL peaks of DNA-SWNT samples.
Even though absorption could occur over a relatively broad range of Es, excitation
energies, the E7; emission energy is clearly associated with the transition occurring
at the band edge. Since the emission profile is relatively sharper, the uncertainties in
the measured E?; values are expected to be smaller [22].

Compared to the values of E;; obtained for SDS-isolated HiPco nanotubes with the

same (n,m) assignment, most of the PL-determined shifts in the E5, and Ef, values
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Figure 4-4: A slice of the 2D contour plot of excitation vs. emission energies for a
section of the PL data for the unfractionated DNA-SWNT sample where E3, — E?,
absorption-emission transitions are found. The (n,m) assignments for these transi-
tions can be identified by comparing their energies with the assigned PL transitions
for SDS-dispersed HiPco SWNTs [20]. Note that the (8,6) transition is denoted by
the white circle. The intensity of the transition is too weak to show up with the

intensity scale of the present plot.

81



for DNA-SWNTs in comparison to the corresponding values for the SDS-wrapped
SWNTs are found to be less than 30meV, which is consistent with the shifts observed
in the E5, values measured using RRS, as mentioned above (see Table4.1). The
shifts in F;; values between the SDS and DNA wrapped nanotubes measured both
in RRS and PL suggest that the amount of perturbation in the nanotube electronic
structure is highly dependent on the wrapping agent and nanotube environment. In
addition, the difference in F;; between the fractionated and unfractionated sample
suggests that even though the DNA wrapping effectively isolates the nanotube from
its environment, the nanotube still interacts with other nanotubes in the same sample,
which are also wrapped in DNA. As a result, a slight shift in the excitonic transition
energy can be measured for the same (n,m) nanotubes in a (6,5)-enriched DNA-
SWNT sample, relative to the non-fractionated sample.

Figure 4-5 shows a PL 2D contour plot for the fractionated DNA-SWNT sample
over a large excitation and emission energy range. The PL emission pattern is con-
centrated within the range 1.15eV-1.3eV. The brightest emission peak occurs around
1.255eV, which corresponds to the (6,5) SWNT. Even though the excitation energy
does not correspond to Ej,, the emission peak is observed at an energy close to the
previously E?, for the (6,5) SWNT over a wide excitation energy range. The localiza-
tion of the emission pattern indicates that the fractionation process selects nanotubes
within a specific diameter range. The PL peaks for the (9,7) and (11,0) SWNTs are
observed in the contour plot for the fractionated sample, while the transitions for the
corresponding nanotubes do not appear in the PL spectra for the non-fractionated
DNA-SWNT hybrids, as shown in Fig. 4-5. This also suggests that the fractiona-
tion process eliminated some of the brightly luminescing species and brought out the
transitions associated with species that were present in the original sample in small
quantities and were too weak to be seen before. A 30meV red shift was observed for
the (8, 7) nanotube in the fractionated sample, relative to its non-fractionated coun-
terpart, as shown in Fig. 4-3. This suggests that even though the DNA-wrapping
has increased the physical distance between different nanotubes, the interactions be-

tween different species in the non-fractionated sample reduce the homogeneity of the
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Figure 4-5: The upper Figure shows a 2D contour plot of excitation vs. emission
energies for a section of the PL data for the fractionated (6, 5)-enriched DNA-SWNT
sample. With the dominant emission profile arising from the (6,5) SWNT, the ex-
periment results corroborate the initial sample characterization that suggests (6,5)
enrichment for the fractionated sample. Furthermore, PL peaks were observed for
(n,m) species in the lower figure that af3not observed in the unfractionated sam-
ple. The experimental results shows that the fractionation and enrichment process is

indeed a highly (n,m) specific method for separating a nanotube mixture.



Table 4.1: Transition Energies of DNA-SWNT Hybrids
DNA-SWNTs hybrids  Fractionated DNA-SWNTs  SDS-SWNTs [20]

(n,m) Ezs2 (eV) Eigl (eV) Eés2 (eV) Eig1 (eV) Eégz (eV) Eigl (eV)

(9,7) 1.541(PL)  0933(PL) 1572  0.942
(8,7) 1689(PL) 0.956(PL) 1.663(PL)  0934(PL) 1714  0.983
(8,6)  1.671(PL) 1.003(PL) 1.740  1.064
(10,3) 1.938(RRS) 2.046(RRS) 1.959
(9,4) 1.692(PL) 1.102(PL) 1.724 1130
(11,1) 2.046(RRS) 2.029
(7,6)  1.927(RRS) 1.936(RRS) 1.916
(10,2) 1.665(PL) 1.190(PL) 1691 1177
(11,0) 1663(PL)  1.176(PL) 1675  1.194
(7,5)  1.930(RRS) 1.935(RRS) 1.925
(9,2) 2.188(RRS) 2.201(RRS) 2.251
(8,3) 1.869(RRS) 1.873(RRS) 1.870
(6,5) 2.186(RRS) 1.257(PL) 2.186(RRS) 1.252(PL)  2.191  1.274
(9,1) 1.822(RRS) 1.789
(6,4) 2.181(RRS) 2.140
(7,2) 1.934(RRS) 1.981
(5,4) 2.502(RRS) 2.567

environment, perturb the nanotube electronic structure, and change the Ej; values
by a small amount, as shown in Fig.4-3. Similar shifts in the Ej; values for nan-
otubes with the same (n,m) assignments between the dried fractionated and dried
non-fractionated samples were also observed in the RRS E;; determination, as shown

in Fig. 4-3.

4.4.3 Learning From Excitonic Transition Energies

The detailed optical studies of excitonic transitions summarized in Fig. 4-3 show that

even though the different wrapping agents introduce a small shift both in the exci-
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tonic transition energies and RBM frequencies, the shift is not large enough to alter
the (2n+m=constant) family pattern nor to interfere with the (n,m) identifications.
Based on the pattern of the specified wrapping agents, one can identify the detailed
geometry and (n,m) assignment of a large number of nanotubes prepared using simi-
lar processes. Both RRS and PL studies have confirmed the diameter selective and the
(n,m) enrichment aspect of the DNA-wrapping and the IEC fractionation process.
The optical study confirms that one can control the diameter distribution and the
fractionation process to produce a sample that is highly enriched in a specific (n, m)
species. The PL study of such an enriched sample has also shown that by having
a highly enriched sample, it is possible to see subtle features related to vibrational
transitions in the PL spectra for a bulk sample. By taking advantage of the enriched
sample, it is possible to study subtle processes that are difficult to investigate at the

single nanotube level.

4.5 Concluding Remarks: New Opportunities

In this chapter, the environmental effects on the electronic structure of DNA-wrapped
carbon nanotubes were investigated in detail using RRS and PL measurements. The
detailed optical study shows that DNA-wrapping and IEC fractionation provide a
new means for making a sample enriched in a single (n,m) SWNT that can be used
for probing the detailed nanotube 1D electronic structure by isolating the individual
nanotubes from inter-tube interactions and through use of the fractionation and (6, 5)
enrichment process. By monitoring the changes in the vibrational spectra using the
RRS technique, the DNA-wrapping of CoMoCAT samples were found to be the d;-
selective. The good isolation achieved by DNA-wrapping and the removal of metallic
nanotubes through fractionation also brings out well-defined components of the G-
band features, and suppresses the FEy-symmetry phonon transitions. In general, the
RBM frequencies are found to be relatively insensitive to the nanotube environment,
even though small variations introduced by fractionation are observed. On the other

hand, the electronic structures for carbon nanotubes were found to be very sensitive

85



to the environment surrounding the nanotube. By comparing the (2n+m=constant)
family pattern for the different DNA-SWNT's and SDS-encapsulated SWNT's samples,
it is possible to identify the shift in the excitonic transition energies introduced by
the wrapping agents and fractionation process. Even though the different wrapping
agents and the fractionation process perturb the electronic structure of the nanotubes
and shift the excitonic transition energies, this perturbation does not alter the optical
properties of the nanotubes enough to affect the (n,m) identification based on the
(2n+m=constant) family patterns. In addition, the chromatographic fractionation
allows one to produce a sample that is highly enriched in one species. The avail-
ability of such an enriched sample introduces the possibility to study subtle optical
processes that are originally too weak or time consuming to experimentally measure

at the single nanotube level.
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Chapter 5

Phonon-assisted Excitonic
Recombination Channels Observed

in the Frequency Domain

5.1 Introduction

Photoluminescence spectroscopy (PL) has become an increasingly important tech-
nique for the characterization of single-wall carbon nanotubes(SWNT) [20-24]. The
ability to probe the electronic structures of a large number of semiconducting SWNT's
has made PL a powerful and complementary method to resonance Raman spec-
troscopy (RRS) for the characterization of SWNTs. In most prior PL studies [20-24],
the SWNT samples were dispersed in a surfactant solution, excited with a lamp
source, and the PL spectra were recorded over the near and far IR spectral regions.
In these studies, the strongly luminescent peaks, associated with the i** electronic
interband transition, Ey, for different semiconducting SWNT's are compared using
excitation/emission contour maps. Besides the optical characterization of nanotube
interband transitions, these PL studies show evidence of phonon-assisted PL processes
[102-105), especially when the sample is irradiated by an intense light source. Al-

though evidence for such processes has been mentioned in previous reports, only a
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few phonon-assisted processes have been observed, with no clear identification given
for their physical origins.

In this chapter, PL measurements were carried out on a (6, 5)-enriched DNA-
wrapped SWNT sample using laser excitation. PL emission peaks associated with
the (6,5) nanotube, photo-excited in an intermediate energy range between the re-
ported Ey; and Ej; transitions of the (6,5) nanotubes, are analyzed and assigned to
a number of phonon-assisted optical absorption and energy relaxation mechanisms.
Multiple emission peaks associated with the first and second order phonon scatter-
ing processes were observed, and continuous PL emissions associated with thermally
excited excitonic processes were also observed. Phonon-assisted processes along the
elongated absorption profile, associated with phonons both at the I" point and near the
K point have been identified and studied in detail. A previous theoretical study [106]
of the electron-phonon interaction and relaxation rate has interpreted the observed PL
features in the (6, 5)-enriched sample within the framework of a free carrier band-to-
band model, and the interpretation of our results has been influenced by this work.
Here, we elaborate on the interpretation of our experimental observations and ex-
amine the phonon-assisted processes in terms of excitonic states, using the simplest

possible model that considers only the optically active bright excitonic state.

5.2 Experimental

To obtain detailed information about phonon-assisted PL processes, it is highly de-
sirable to have one dominant (n, m) SWNT species in the sample. Since the starting
SWNT sample produced from the CoMoCAT process [99] has a narrow diameter dis-
tribution as described in chapter 2.3, a (6, 5) enriched DNA-wrapped hybrid (DNA-
SWNT) sample can be then prepared using ion exchange chromatography [86]. 30 uL
of this fractionated stock solution was dropped onto a sapphire substrate one pL at
a time and dried into a thick layer. The sample was excited with nearly continuous
excitation energies using a Ti: Sapphire laser, pumped by an Ar* ion laser. The PL

emission was collected in a back scattering geometry and was focused onto an InGaAs
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diode array detection system and a Spex 750M Spectrometer through a microscope
objective. A linear interpolation routine [107] in MatLab was used to construct the

contour plot shown in Fig. 5-1(a).

5.3 Phonon-Assisted Processes

Figure 5-1(a) shows a two-dimensional (2D) plot of the excitation vs. emission ener-
gies of the (6,5) enriched, DNA-SWNT sample, where E7 denotes the i** resonant
excitonic subbands of the corresponding bound electron and hole levels, in the nt*
exciton state, in which n=0 and n=1,2,... denotes the quantum number for the
envelope function of the exciton. In this simplified model, we consider only one exci-
tonic state associated with each quantum number, n, labeling the excitonic envelope
function. The actual exciton symmetry is omitted in this chapter for simplicity. In
later chapters, we employ a more detailed formulation of exciton theory that assigns
four exciton states to each quantum number n, one being a bright exciton and opti-
cally active, while 3 are dark states and not optically active. Since the experiments
carried out in the frequency domain does not give information on the dark state,
the simplified model interprets the data in terms of the bright excitonic state only.
The PL emission spectra are excited at a series of excitation energies, F,,, between
1.43eV-1.64€V, such that E?, < E < E, (E9,=1.255eV and EY, =2.19€V [20, 54]),
and the spectra are recorded in Fig.5-1(a) and are labeled in the schematic diagram
as shown in Fig.5-1(b). The spectral features observed in Fig.5-1 can be explained
by the different phonon-assisted absorption and recombination processes shown in
Fig. 5-2(b).

Figure 5-2 describes the different phonon-assisted processes using the diagrams
of the exciton center of mass dispersion relation, E*(K), where K denotes the ex-
citon crystal momentum. The solid and open circles denote real and virtual states,
respectively. Optical absorption (excitonic excitation) and emission (radiative re-
combination) processes occur at K=0 as a result of momentum conservation (with

negligible photon momentum). These processes are shown by vertical arrows con-
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Figure 5-1: (a) A 2D excitation vs. emission contour map for a dried (6, 5)-enriched
DNA-SWNT sample on a sapphire substrate. The spectral intensity is plotted using
the log scale shown on the right. (b)A schematic view of the observed PL transitions.
The blue vertical band denotes emission at Ef;. The horizontal gray bands, denote
the nearly-continuous luminescence processes associated with the thermally excited
processes in the different phonon branches. The cut-off energy at 1.06eV is marked
in green. Orange dotted lines denote PL emission from resonant Raman scattering
processes for G-band, M-band, and G’-band phonons. Strong PL emission spots at
EY, =1.255eV, denoted by the red circles, are associated with one-phonon (VI) and

two-phonon (I to V) processes described in Fig. 5-2 (see text).



necting the excited and ground states. All other arrows, not involving the ground
state, denote excitons scattered by phonons.

Previous structurally-assigned PL studies [20-24] focused on the SWNT resonant
electronic processes described in Fig. 5-2(a), where absorption of the incident photon
occurs at the EJ, band edge, where the photon takes the excited electron to an
excitonic state denoted by the transition a—b. The exciton non-radiatively decays to
the EY; band edge through multiple channels of relaxation (b—c) and recombines by
emitting a photon (c—a). The red rectangles labeled with “ez” and “em” correspond,
respectively, to the range of PL excitation and emission energy used in the present
experiment. With a strongly enriched SWNT sample and an intense light source, we
are able to separately identify the different PL emission peaks associated with specific
phonon-assisted processes, as shown in Figs. 5-2(b)-(e).

The observed broad range of excitation energies, F.y, accompanied by a narrow
PL emission window, corresponds to our general understanding of the PL mechanism,
in which an exciton can be excited into a number of excited states before the bound
electron-hole pair eventually relaxes to the EY; band edge and recombines. Along the
FEex scale for the same band edge emission at 1.255¢V in Fig. 5-1(a), intense PL peaks
at several special F, values were observed. These peaks are shown as red circles in
Fig.5-1(b). From previous PL studies [20,54], these peaks with the same emission
energies can all be correlated with the (6,5) SWNTs, emitting from E?,.

5.3.1 Multi-Phonon Processes

The PL emission for these special Eey values indicated by red open circles in Fig. 5-
1(b) is the most intense at the excitonic band edge Fem = 1.255€V for the (6,5)
SWNT, but nearly continuous emission over the range 1.06 to 1.35€V is observed for
each special Ee. These features are labeled by thick, gray horizontal lines numbered
from I to VI going across the schematic diagram in Fig. 5-1(b). Each of the special Fex
values is associated with red circles I through V in Fig. 5-1(b) and can be identified
with the two-phonon processes in Fig. 5-2(b).

In the process shown in Fig.5-1(b), the phonon-assisted absorption can involve
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Figure 5-2: Schematic diagrams for the different phonon-assisted processes (see text).
(a) The commonly reported [20-24] excitonic recombination mechanism for the (6, 5)
nanotube. The process involves excitonic absorption at E9, (point b). The excited
exciton can relax down to EY, (point ¢) via multiple channels, and can recombine
at EY,. The red boxes labeled as “ex” and “em”, respectively, denote the range of
excitation and emission energies in Fig. 5-1. Since the excitation range is lower than
EY,, the process shown in (a) is not observed in the present report. (b) Corresponds
to the two-phonon assisted processes responsible for transitions [ to V shown in Fig. 5-
1(b). (c) Corresponds to the one-phonon assisted processes responsible for transition
VI shown in Fig. 5-1(b). (d) Corresponds to the nearly continuous vertical transitions
at the band edge Fe,=1.255€V. (e) Corresponds to the thermally-excited processes

that are associated with the horizontal streaks shown across the PL map in Fig. 5-1(b).
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Table 5.1: Assignments of the strong PL spots in Fig.5-1 to the different optical

phonon branches of the (6,5) nanotubes

Eex(£0.005¢V)  Peak  Symmetry Phonon Phonon
(eV) Label Point Quantity® Branch
1.62 I r 2 iLO and iTO
1.58 IT K 2 iTO
1.54 III K 2 iLO and iLA
1.49 ve K 2 iTO and iLA
1.48 \' r 2 oTO
1.45 VI r 1 iLO and iTO

(@Numbers 1 and 2 refer, respectively, to one and two-phonon processes.
®) Although a contribution from the combination mode iTO+iLA is also expected

around IV, the excitation profile is too broad to distinguish the different processes.

the emission of two phonons with opposite momenta, —q (b—c) and +q (c—d) [see
Fig. 5-2(b)]. The two-phonon process brings the exciton to the EY, band edge, where
recombination occurs. The cross section for this process becomes especially large
when the E,, values correspond to energies of optical phonon modes that are strongly
coupled to the electrons and have a high density of phonon states near the I and K
points. As a result, the PL emission for the band edge recombination at EY; becomes
very intense at these special Eey values (such that Ee, = E?1+2hwq). This two-phonon
process gives rise to the intense transitions that are marked by red circles I through V
in Fig.5-1(b) for different combinations of the I'-point (¢g=0) and K-point (¢g=I'K)
optical phonon modes. The specific energies and assignments of these optical phonon
branches associated with spots I-V in Fig5-1(b) are listed in Table5.1. Furthermore,
at Eo, = E? +0.07eV = 1.33eV, a two-RBM phonon process feature in the PL
spectra was observed for a similar (6, 5) enriched DNA-SWNT sample in solution, in
a different experiment.

The two phonon-assisted processes can also occur in a non-resonant fashion. The

series of emissions crossing the map diagonally through spots II and V in Fig. 5-1(b)
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arise from similar two-phonon M-band and G’-band Raman scattering processes, and
the Raman shifts for the two can be roughly calculated to be 1702 + 40cm™! and
2560 + 40cm™!, respectively. Although all SWNTs in the sample contribute to these
Raman peaks [orange lines in Fig. 5-1(b)], especially bright PL peaks are found where
these phonon series cross the emission profile of a specific (n, m) SWNT or when the
phonon series crosses one of the special F, values. These Raman scattering peaks
mostly occur from non-resonant processes when the phonon series do not cross the
E?, band edge for the specific (n, m) SWNT in the sample. In the present experiment,
with a (6,5) enriched sample, the ~ 45° series become especially intense when the
series of Raman peaks intersect the strong PL peaks IT and V at Eo, = 1.255€V in
Fig. 5-1(b).

A detailed examination of the intersection between the ~ 45° series and the Fey
= 1.255¢€V profile (as shown in Fig. 5-3) shows that these non-resonant Raman series
do not intersect the vertical E,, = 1.255eV emission profile at the special F, value
associated with phonon-assisted transitions. The two dotted lines shown in Fig. 5-
3 serve as guides for the eyes to help identifying the offset between the two. The
phonon-assisted transition shown is associated with the two D-band phonon-assisted
process (or the G’ band). The peak is observed along the band edge emission shown
in the vertical dotted line, excited at Ej,ser = 1.58 + 0.005eV (See table5.1). At the
same value of Egy, the non-resonant Raman transition seems to occur between 1.257
and 1.258¢eV, which yields a slightly shifted phonon energy. Compared to the phonon
energies obtained from the bright one and two phonon-assisted transitions occurring
along the band edge emission energy, a similar shift of ~2-3meV has been observed
for the series of non-resonant Raman processes observed in PL maps, including the
Raman transitions for the G-band, M-band, and G’ band. Even though these shifts
are much smaller than the experimental resolution of ~5meV, the consistent shifts
are in agreement with the strongly interacting exciton-phonon bound state predicted
by theory [108], as discussed in the next section. The calculation of the exciton-
phonon bound state have been :applied in previous theoretical studies [108] for an one

phonon process, and the energy for the exciton-phonon bound state obtained from the
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Figure 5-3: A magnified portion of the a 2D excitation vs. emission contour map
shown in Fig. 5-1(a), emphasizing the intersection between the non-resonant Raman
series and the band edge transitions. The peak shown is associated with the two
D-band phonon assisted process (or G') is observed along the band edge emission
axis at 1.255eV, as shown with the vertical line, excited at Fj,.., = 1.58+0.005eV,
as shown with the horizontal brown dotted line. On the other hand, at the same
excitation energy, the non-resonant Raman transition seems to occur between 1.257
and 1.258eV, which yields at slightly shifted phonon energy. In general, similar shift of
~2-3meV has been observed for the series of non-resonant Raman processes observed

in PL maps.

calculation has been consistent with the energies observed in multiple experimental
studies [109,110]. On the other hand, it is not clear whether the similar strongly
interacting exciton-phonon bound states can also form for transitions observed in
multi-phonon processes such as the G’ (2D), the M-band (20T0O), or the iTOLA
(iTO+iLA) mode discussed in this chapter. Further theoretical studies will need to
be carried out to understand this process better.

For these phonon series, discrete transitions are observed in Fig. 5-1(a), instead

of the expected continuous transitions diagonally crossing the map, because of an



experimental artifact. Since only 24 E,, laser lines were used and the experimental
linewidths of the Raman transitions are small, the Raman transitions only appear on
the map where E is equal to one of the 24 E, values. Since the energy spacings
between the successive Ee are large, the linear extrapolation [107] algorithm yields

discrete dots rather than a continuous line in Fig. 5-1(a).

5.3.2 One Phonon Process and Phonon Sideband

On the other hand, the mechanism associated with peak VI in Fig. 5-1(b) appearing
~ 0.2eV above EY; can be explained by a one-phonon process shown in Fig. 5-2(c).
In this process, phonon-assisted light absorption (a—b) excites the exciton to an
excited state. The excitation, along with a simultaneous zone-center (¢g=0) phonon
emission (b—c) creates an exciton at the E9, band edge, where the ground state
exciton radiatively recombines (¢c—a). This process gives rise to spot VI in Fig.5-
1 when the G-band (the I-point in-plane optical mode) phonon is emitted. The
analogous first-order Raman process that corresponds to the diagonal lines crossing
through VI in Fig. 5-1(a) corresponds to the G-band Raman scattering peak at 1585+
40cm~*. Along the diagonal emission series, the Raman process is only resonant when
Eex and Egp, correspond to spot VI and when state “c” is resonant with the EY; band
edge.

In addition to the one or two-phonon mediated processes described above, the po-
sition for the G-band phonon mediated process corresponds to the excitonic phonon
sideband predicted by previous ab initio calculations [108]. Such phonon sidebands
are exciton-phonon bound states resulting from a strong exciton-phonon interaction.
In optical processes, a significant fraction of the spectral weight in the optical spectra
is predicted to be transferred to a distinct exciton-phonon sideband. The presence
of such strong phonon sidebands in optical spectra also confirms the excitonic nature
of the resonant optical transitions in SWNTs. The bright G-band phonon-sideband
features ( 0.2eV above the EY, band edge) have recently been identified from PL
experiments carried out with both HiPco SWNTs [110] and SWNT samples isotopi-
cally labeled with C;3 [109]. The width of the so-called phonon sidebands observed
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in these PL experiments are usually broad, on the order of 50-80meV. The same
transition occurring at roughly 0.19eV has also been identified in photoconductivity
spectra [111]. On the other hand, for a highly enriched sample as was used in the
present case, it is possible that the strong exciton-phonon interaction is also responsi-
ble for the other feé,tures associated with the multi-phonon processes observed in our
experiment. This strong exciton-phonon interaction might give rise to the small, yet
not negligible, upshift in phonon energy for the different phonon-assisted processes
described above, but additional calculations will be needed to understand the nature
of the exciton-phonon bound state for multi-phonon processes.

Aside from the special optical phonon states, PL emission is observed at the EY,
band edge when excited with all E., values within the range of this experiment, as
denoted by the blue vertical stripe in Fig. 5-1(b). The process is consistent with the
general PL mechanism, and the detailed mechanism is depicted by the diagram shown
in Fig.5-2(d). In this case, light absorption (a—b) is followed by exciton relaxation
to the E?, band edge through multiple recombination channels (b— f, waved arrow).
The exciton, then radiatively recombines at the EY, band edge (f—a). A possible re-
combination channel, involving the emission of one optical phonon (b—c) and several
acoustic phonons (c—d—e— f), is shown in Fig. 5-2(d). Since there are many possible
combinations of the initial excited and intermediate states, the excited emission can
be continuous with respect to F.,. However, since the phonons involved in such a
process do not couple to the electrons as strongly as the optical phonons involved in
the processes mentioned in Figs. 5-2(b) and (c), the intensity for such PL emission is

weaker.

5.3.3 Hot Phonons

In connection with the discrete strong PL peaks I through VI mentioned above, the
horizontal streaks of continuous emission can be explained by the mechanism shown
in Fig.5-2(e). In this process, the thermal population of excitons with K#0 near
the EY, band edge is generated by light absorption (a—b) and exciton relaxation

through multiple recombination channels (b—c, waved arrow). These K#0 excitons
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can radiatively recombine by either emitting a g=K phonon (d—e—a) or absorbing
a g=—K phonon (f—g—a) to satisfy the momentum conservation constraint. Such
processes contribute to the gray horizontal streaks associated with peaks I to VI
shown in Fig.5-1(b). The lower energy (Eem<E?Y,) and higher energy (Eon>EY,)
sides of these horizontal streaks correspond to phonon emission (d—e) and phonon
absorption (f—g) processes, respectively. The horizontal streaks only appear for the
PL excitation energies near spots I to VI in Fig. 5-1(b). At these special E., values,
the exciton formation is enhanced by the phonon-assisted absorption processes shown
in Figs. 5-2(b) and (c), which increase the K#0 exciton population. The assignment
of this relaxation mechanism is supported by the observation that the horizontal
emission streaks [I through VI in Fig. 5-1(b)] drop drastically in intensity on the lower
energy side of the horizontal streaks at a cut-off energy Een=E? —hwmna=1.06¢V,
where Awma=0.2 eV is the largest possible first-order phonon energy for SWNTs and
graphite [4]. As the series of non-resonant Raman transitions cross these horizontal
streaks, the overlapping intensity causes the intersecting point on the PL map to
"light up.” This enhanced intensity is observed for all of the non-resonant Raman
series as they cross all of the horizontal streaks. In this model, low temperature
is expected to quench the PL intensity on the higher energy sides of the horizontal

streaks, since they are related to the phonon absorption process (f—g).

5.3.4 Fluorescence Resonance Energy Transferring

In a sample containing more than one SWNT species, further insights into the elec-
tron relaxation process can be obtained by a careful examination of the PL map,
shown in Fig.5-4. Even though the PL map for the as-prepared DNA-SWNT hy-
brids in solution also shows nearly-continuous transitions going horizontally across
the emission map, the PL intensity breaks up into a set of isolated, individual is-
lands of high PL intensity corresponding to the E¥| vertical lines for the different
(n,m) SWNT species found in the map. These island streaks resemble the horizontal
streaks observed for the (6,5) enriched sample, insofar as these seemingly isolated

transitions are aligned horizontally with the highly absorbing phonon states of the
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Figure 5-4: A 2D excitation vs. emission contour map for an as-prepared CoMoCAT-

based DNA-SWNT sample in solution.
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Figure 5-5: A schematic of an additional channel of electron relaxation, in which the
photon emitted from electron relaxation of a small diameter SWNT becomes a source

of excitation energy for another larger diameter SWNT.
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(6,5) nanotube. These island streaks, however, suggest an energy transferring mech-
anism between the strongly emitting (6, 5) photons and their subsequent absorption
by other nearby nanotube species in the sample, in accordance with the mechanism
depicted in Fig. 5-5 [106]. In such a process, the Epy, signal coming from either a band
edge emission or a hot luminescence process can be used as a source of excitation for
another nearby larger diameter SWNT with a smaller bandgap. In this case, the
emission would reach maximal intensity at the band edge of this neighboring tube,
forming an “island” in the elongated absorption-emission PL profile of Fig. 5-4. It is
possible that a fraction of this energy transfer can be accomplished through the well
known fluorescence resonance energy transferring (FRET) mechanism [112], which is

a distance-dependent, non-radiative energy transfer process between polar molecules

whose dipole orientations are approximately parallel. However, since it is not clear

what is the orientation of SWNTs in the DNA-SWNT sample both in solution and
on a sapphire substrate, it is not clear whether FRET contributes significantly to the
inter-nanotube energy transfer for these types of samples. Further studies on aligned

SWNTs could clarify the roles that FRET processes might play.

5.4 Summary - Phonon Assisted Processes in 1D
Systems

In general, the optical processes discussed in this chapter are difficult to identify
separately in solid state systems. For most optical measurements in 3D semiconduc-
tors, the phonon and electronic spectra are broad in energy. Moreover, since exciton
binding energies of 3D materials are small, detailed phonon-assisted optical processes
are not easily observed [113]. On the other hand, by taking advantage of the con-
finement conditions in low dimensional systems, it is possible to separately identify
the different non-radiative processes from optical spectra. Similar phonon-assisted
processes have been widely investigated for 0D [114-117] and 2D [117-119] systems,

but no systematic studies of such processes have been reported for 1D systems. In this

100



chapter, a strong phonon-sideband feature is observed somewhat upshifted from the
ordinary G-band mode. The observed shift of about 2-3meV is in accordance with the
observations by others [109,110]. The presence of such exciton-phonon bound state
can be well-correlated with previous theoretical prediction and confirms the excitonic
nature of the optical transitions observed in semiconducting SWNTSs. It is possible
that such strongly bound state also exists for multi-phonon processes. However, ad-
ditional calculations and experimental measurements with higher resolution will be
needed to understand the nature of the exciton-phonon bound state for multi-phonon
processes. Furthermore, we have shown that since SWNT is a strongly confined 1D
system, the individual phonon-assisted processes in SWNT's can be well resolved. The
PL features can be shown in great detail and over a wide energy range. This is a
central finding of this thesis. We have identified and assigned these phonon-assisted
excitonic absorption and recombination PL processes observed in the PL spectra for a
dried, (6, 5) enriched DNA-SWNT hybrid sample, irradiated by an intense excitation
source. Strong-two-phonon transitions associated with phonons near the I' point or
the K point were observed at Eo,, = E?l for selected values of F,. Intense resonance
Raman features were observed at Ee,, = E?;, while first- and second-order, resonance
Raman transitions were also observed over a wide range of emission energies. We have
shown that, by using a SWNT sample highly enriched in a single (n, m) species, one
can probe several different phonon-assisted processes not usually separately identified

in 3D solid state systems.
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Chapter 6

Time Domain Study of
Phonon-Assisted Processes in

DNA-wrapped SWNTs

6.1 Introduction

Understanding the different channels of relaxation for optically excited electrons in
one-dimensional systems has played a crucial role in developing potential applica-
tions for optoelectronic devices in nanoscale systems. As a prototype 1D material,
single walled carbon nanotubes (SWNTSs) and their optical properties have been a
subject of intense study. Despite recent advances in nanotube photoluminescence
spectroscopy [120], the radiative and nonradiative relaxation pathways in SWNTs
remain not well understood. In particular, the origin for the reported low photolumi-
nescence(PL) quantum efficiency ( < 1073) has been a subject of interest [120, 121].

Most prior time-resolved studies [122-127] have attributed the low PL efficiency
to fast nonradiative relaxation processes. Previous pump-probe experiments have
also investigated the non-resonant PL dynamics [128], as well as the effects of charge
transfer and different nanotube environments [129, 130]. The numerous time-resolved

studies have provided important information for understanding the dominant ex-
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citonic relaxation mechanisms. However, the detailed mechanism for the roles of
phonon-mediated relaxation channels, as well as the role of dark excitonic states
remain less well understood. In most prior studies, the relaxation dynamics for opti-
cally excited SWNTs has often been found to be dominated by a single exponential
or biexponential decay, consisting of a fast, sub-picosecond decay associated with
intraband relaxation processes, followed by a slow, 10-180ps decay process associ-
ated with a resonantly enhanced recombination process originating from the excitonic
band edge [124-126,129-133]. On some occasions, an intermediate decay time of 2-
5ps can be observed in non-degenerate pump-probe studies when the pump en)ergy,
Epump, is off-set from the probe energy, Eprobe, by an energy of two or more optical
phonons [134]. Preliminary explanations have been suggested to account for this ob-
servation [134], but no systematic study has yet been carried out to understand such
a process in detail.

To further understand this intermediate decay process, a series of pump-probe
measurements were carried out on a (6,5) enriched SWNT sample, in which the
SWNTs are partially wrapped with single stranded DNA. Since two phonon as-
sisted absorption and relaxation processes have been found to be prominent excitonic
processes in DNA-wrapped SWNTs [135], the value of the Eyump was selected to be
very close to E?f12 (6, 5)+2kwp, where 2Awp corresponds to the energy for two D-band
phonons and E¥2(6,5) denotes the energy for the band edge excitonic state with an
envelope function symmetry n = 0 and exciton symmetry A, as described in Sec. 4.4
(also called the 1s excitonic state [136]). The pump excitation was especially chosen
to enhance the electron-phonon coupling and double resonance process associated
with D-band phonons [43].

The optical response is measured in terms of the differential transmission (DT) of
the probe beam, AT/T,, which corresponds to the fractional difference in transmission
intensity between the pump-induced transmission, T, and the transmission of the
reference beam (with no pump fluence), T,, where AT = T — T,. The DT intensity
is negative for photoinduced absorption and is positive for photo-bleaching. From

the exponential decay of the DT spectra, multiple processes associated with different

103



decay timescales can be resolved [137].

With a (6, 5) enriched sample [93] and a carefully selected energy for Epymp, we
examine the physical process governing this well-resolved intermediate decay compo-
nent in detail. By systematically varying the values of Epopbe to be in and out of
resonance with the majority (6,5) and minority (n,m) SWNT species in the sample
at different pump fluence levels, we were able to link the intermediate decay time
component associated with the (6,5) SWNT directly to the depletion of the band
edge exciton population caused by hot phonon-absorption. Photoinduced absorption
processes were also observed when the selected values of Ep;q,e correspond to off-
resonance energies. When taken together, these time-resolved experiments clarify the
role of both hot phonon-assisted band edge exciton depletion processes and the Auger

process in the relaxation of excitons for individual SWNTs.

6.2 Experimental

To obtain detailed information about phonon-mediated PL processes, it is highly
desirable to have one dominant (n,m) species in the sample. The DNA-wrapped
sample was prepared from SWNTs produced by the CoMoCAT process [99]. From
the CoMoCAT-based, DNA-wrapped starting material, the (6,5) enriched sample
was then further prepared using ion exchange chromatography [93], and the pump-
probe measurements were made in a 400 uL glass spectrophotometer cell with a 1mm
optical path.

The optical experiments were carried out at the Tokmakoff lab at MIT. A two-
color pump-probe system assembled by Dr. M. Decamp was used for the pump-probe
measurements. The pump and the probe pulses were generated using a scheme similar
to the one described in a previous report [138]. The pump pulse was generated by
the output of a 1.567eV, 1kHz Ti-Sapphire amplifier system, where the energy for
the amplified output beam is about 1mJ. The output beam is split for white light
generation and the pump pulse. The probé pulse was generated by the signal field

of a home-built optical parametric amplifier (OPA) that uses a non-linear LiNbO3.
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crystal as the gain medium. The input seed to the OPA is generated by a white
light continuum creased by focusing a uJ of energy into a quartz sapphire. The beam
splitting of the output beams from the Ti-Sapphire amplifier system was controlled
such that the pump pulse is at least 20 times more intense compared to the probe
pulse. The OPA tunes the values of the Epope between 1.272 to 1.158eV. The pump
and probe pulses were both characterized using an optical spectrometer to determine
the speétral profile, and the bandwidth for the spectral profiles are on the order of
100-400cm .

The transmitted probe pulse was collected using a fast silicon photodiode. A
third reference beam was collected using a separate detector. However, since the
signal to noise ratio for all of the samples were quite high, no shot normalization
was carried out. The pump pulse intensity was controlled by a quartz \/2 waveplate
and a quartz cube polarizer pair. The pump fluence was estimated by the measured
pump power divided by the area of the light spot impinging on the sample, which
ranges from 0.5 to 12 mm2. The sized of the light spots on the sample for the
probe pulses is dependent on the energy for the probe pulses the focusing condition
of the collimating optics. The pump pulse was chopped at 500Hz by a mechanical
chopper, and a lock-in amplifier collected the modulated probe signal. The temporal
and spatial cross-correlation of the pump and the probe pulses gives an instrument
resolution of ~250 fs. The relative timing between the pump and probe pulses was
maintained by a computer controlled mechanical delay line. Depending on the signal
to noise ratio of a particular scan, the typical data acquisition routines being used
in these experiments were carried out in steps of 30 fs with 30-240 accumulation.
For detailed measurements of the 7,,, component, the data acquisition routines were

carried out in steps of 120fs with 60 accumulations.

6.3 Results

Figure 6-1 shows a typical differential transmission (DT) spectrum as a function of

the pump-probe delay time. The Epymp ~ 1.567 eV was was chosen to be close to the
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Figure 6-1: A transient spectrum monitoring the DT intensity vs. delay time, for
Eprove ~ E¥42(6,5) at 1.252eV, for a (6, 5) enriched DNA-wrapped nanotube sample,
pumped with Epymp ~ 1.567¢V (pump fluence level fixed at 0.1J/m?). The AT/T,

data are plotted on a natural log scale. The inset shows a magnified portion of the

plot to show the range of the delay time pertinent to 7;,; more clearly.
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energy of Ef{42 (6,5) + 2hwp, while, Egrope, was set at ~1.252eV, which is close to

the previously determined E#2(6,5) band edge for DNA-wrapped SWNTs [54, 135].

The quantity 2Awp here denotes the energy of two D-band phonons for SWNTs.
The decay in the DT intensity, I(t), as a function of delay time, ¢, can be decom-

posed into a simple multi-exponential decay function

It) = i At/ (6.1)

in which the coefficient A; denotes the relative weight of the i*" process associated
with decay time 7;. For the present experiment, a tri-exponential (; = 3) decay
function can be resolved.

Upon excitation from the pump pulse, numerous excitons are created at an exciton-
bound phonon state corresponding to Eyump. As a result of the special pump energy,
a lafge number of the excitons non-radiatively decay to the band edge E%2(6,5),
following the two-phonon emission mechanism discussed in Sec. 6.4.1. The accumu-
lation of the band edge exciton population forms a very fast rise (< 200fs) in the
DT intensity of the dominant (6,5) SWNT.

This filling of the band edge exciton state is followed by a tri-exponential decay
process, as shown in Fig. 6-1. The spectral decomposition of the spectrum in Fig.6-1
shows that the initial 20ps of the decay is dominated by two exponential decay terms
in Eq.1, each associated with a decay time of ~700fs (£10%) and ~2-3ps(+10%),
respectively, and the two decay terms each account for ~45% of the initial 20ps of the
decay process. In addition, a small amount of the exciton decay process is associated
with a slow process with a much longer decay time. The detailed measured fluence
dependence of the different decay processes are summarized in Table 6.1.

To gain physical insights into the decay processes, the pump fluence dependence
of the individual processes (7fqst, Tint and fszow) was first studied by keeping Eprobe
close to E%2(6,5). Figures6-2(a) and (b) show the decay time evolution for the

three processes identified in Fig.6-1 at different pump fluences !. Both 740, and i

1Since it is difficult to accurately resolve 7,0, Within the initial decay of 20ps, the pump fluence

dependence for 7,0, shown in Fig.6-2(b) was determined in a separate experiment with a longer
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Figure 6-2: Fluence dependence of the different components in the relaxation dy-
namics for Epope ~1.252eV. The dotted lines are guides to the eyes. The faster
components were measured with higher time resolution (40fs), over 20ps. To deter-
mine g0y, more accurately, fluence-dependent experiments were carried out over 50ps
with lower time resolution (120fs) and a higher pump fluence. Fluence dependence
of the (a) two faster components corresponding to intraband processes and the (b)
slower component corresponding to thejdgnamics of the interband recombination.
(c) Shows that for the initial 20ps of the decay process, the relative weight for the

intermediate process increases with the pump fluence.



(b)

B 00(6,5)4 Zhaop

‘,EHW(ZS)JhmD

comparison.

Differential Transmission

'i?'
iﬁo

e

AN
¥ e

[ T R
Delay Time (ps)

Figure 6-3: The schematic diagram and the respective DT spectra for five different
probe energies. (a) A schematic diagram of different values of Ejq relative to
the band edge energies of different nanotubes. The values of Ej;one from O; to Os,
respectively, are 1.158¢V, 1.198eV, 1.222¢V, 1.252¢V, and 1.272eV. (b)DT spectra for
different values of Eprone. Notice that DT changes sign as Eprone moves in and out of
resonance with the (6,5) and (7,5) nanotubes. We use the dotted lines as guides for
the eyes to mark the zero DT line for the respective DT spectra. The positive DT

intensities are normalized to the maximum DT intensity to aid with the lineshape
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show a clear pump fluence dependence, in which the decay processes occur faster with
increasing fluence, whereas the fluence dependence for ¢, is less clear within the
range of available pump fluence levels.

Figure 6-2(c) shows the relative weights in Eq.6.1 for each of the three components
during the initial 20ps decay at different levels of pump fluence. The relative weight
for Tin is found to increase with pump fluence. As discussed in the next section, the
result of the increased weight of 7;,; with increasing pump fluence substantiates the
proposed interpretation accounting for the intermediate decay time component, to be
associated with an additional channel of phonon-mediated excitonic relaxation.

In order to fufther establish the identifications for the various decay processes,
we extend the two-color experiment to excite different (n,m) SWNTs for which the
Epump does not correspond to specific exciton-phonon states [135]. We scrutinize
the relaxation dynamics more generally by monitoring the DT spectral profiles when
tuning Epope between 1.158eV and 1.272eV at four values of Epyohe that are different
from Eprope = E?IAZ (6,5). The positions of the different Ep,obe, relative to the band
edge energies of different (n,m) species in the sample, correspond to Oy, Oy, Oz, and
Os in the schematic diagram shown in Fig. 6-3(a).

In the cases of O, and Os in Fig. 6-3(a), the values of Epope are close to the band
edge energies, E2(7,5) and EY#2(8,3), for two minority species in the sample. In
these cases, even though a photo-bleaching behavior is also observed, the relative
weight distributions for the individual decay processes are quite different from the
case when Eprope ~ EV12(6,5) for the majority (6,5) SWNTs in the sample. Lower
overall signal intensities were obtained for the minority (7,5) and (8,3) SWNTs. Also,
when the values of Ep1. are chosen such that Ejqe no longer corresponds to any
band edge energy, as shown in Fig. 6-3(a), the intensity of the DT spectrum drops to
negative values before rising back to equilibrium with time evolution, as shown in the
DT spectra corresponding to O; and Oj in Fig.6-3(b). The negative DT intensity
suggests the presence of a photoinduced absorption process. The analysis of the two

different rising components, as will be discussed later, indicates that the different

scan time.
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rise components in O; and O3 mirror the decay times of the (6,5) SWNTs shown in

Fig. 6-1, but include, in addition, contributions from all (n, m) species in the sample.

6.4 Discussion

6.4.1 State filling via exciton-phonon interactions

In general, we determine the relative exciton population at the state being probed
by Eprobe from the corresponding DT intensity profile. The rising segment in a DT
spectrum corresponds to state filling processes and the decaying segments correspond
to population depletion processes at an energy corresponding to Eprobe.

Because of the enhanced population of (6,5) SWNTs in the sample and the corre-
sponding reduced interference from optical signals originating from the other (n,m)
SWNTs in the sample, we first set the Eyymp at E’f{‘z(ﬁ, 5) + 2Awp and Epyope at the
Ef{lz (6,5) band edge to study the pump-induced excitonic filling and depletion of the
E%*2(6, 5) band edge.

As shown in Fig. 6-1, upon excitation by the pump pulse, a sharp initial rise was
observed within the first 200fs (see Fig. 6-3(a) trace O,). This sharp rise can be related
to rapid state filling processes at the Eff"(ﬁ, 5) band edge. In most two-color pump-
probe studies where Eyymp ~ E?{"" (n,m)+ AE and Eprohe ~ E?f’ (n,m), the (n,m)
band edge state is filled by the Eyymp-created higher energy excitons which lose energy
via phonon emission events involving many different phonons [130]. In the present
study, the excitons created by E,ump have an energy such that the energy difference
between the pump and the probe pulses corresponds to the energy of two D-band
phonons. As a result, a special bandedge filling process occurs, and a large fraction
of the excitons created at 1.567eV is expected to efficiently relax non-radiatively to
fill the E%*(6,5) band edge, following the mechanism described in Fig. 6-4(a) and
discussed below.

Upon pump excitation, a large number of excitons are created by the pump pulse

at state a in Fig. 6-4(a), from which the exciton can quickly emit a D-band phonon

111



with momentum g to access a dark exciton state with 0E, symmetry [58-60], denoted
by b in Fig.6-4(a). Here 0 denotes the n = 0 envelope function state and E,, refers
to its symmetry type for chiral SWNTs. From b, which is a real excitonic state, a
second D-band phonon with momentum —¢q can be emitted to bring the exciton to the
E*(6,5) band edge state c. The mechanisms of the phonon scattering processes are
specified by the symmetry of the phonon and the excitonic states [139]. In general,
in carbon nanotubes, the A-symmetry I' point phonons, such as the radial breathing
modes and some G-band phonons, as well as the E-symmetry D-band phonons that
scatter strongly near the K point zone boundary are the specific phonons which
participate frequently in such scattering events. An A-symmetry I'-point phonon
would scatter an A-symmetry exciton to another A-symmetry excitonic state and an
E-symmetry exciton to another E-symmetry excitonic state {139]. Similarly, an E-
symmetry phonon would scatter an A-symmetry exciton to an E-symmetry excitonic
state and vice versa [139]. Since the D-mode process is strong for E-symmetry phonons
associated with electron-phonon coupling near the K point of the Brillouin zone [140],
scattering events involving a D-band phonon will couple an A-symmetry zone center
bright exciton band edge state and an E-symmetry dark exciton state.

Because of the high efficiency for the two optical phonon scattering processes
described above (in Fig. 6-4(a)), we expect this mechanism to contribute significantly
to the initial rise in the E?f”(b’, 5) band edge exciton population, and a large number
of D-band phonons will thus be created. Such hot phonons exist as quantized lattice
vibrations associated with individual SWNTs in addition to the ordinary phonon
distribution expected at a given temperature. Therefore, we use the name "hot”
phonons to describe these non-equilibrium D-band phonons. These lattice vibrations
can be transferred from one SWNT to a neighboring SWNT in solution via collisions.

Even though the energy chosen for Ejymp in this experiment is close to the position
of the previously reported E}f*(6,5) (or 2p exciton) level [136] for (6,5) SWNTSs, we
do not populate the Ellfh(G, 5) level significantly by the intense pump pulse because
the optical symmetry selection rule dictates that such a state cannot be accessed

with a one photon excitation process [136]. Thus, the resulting pump-induced decay
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Figure 6-4: (a)A schematic diagram of relaxation from a to the 0A; excitonic state c
by emitting two D-band phonons (see text). The black arrow denotes a fast phonon
emission process originating from an exciton-bound phonon state, whereas the gray
arrow denotes a slow process originating from a real excitonic state. (b)A schematic
diagram of a scenario in which the band edge exciton population can be depleted via
phonon-absorption. The pump-probe experiment was carried out for the case where

Eprobe = E32(6,5), corresponding to point c.

dynamics, should not be much affected by the El{!(6,5) state. Similarly, the lower

lying dark excitons with 1A4; symmetry are not optically active. However, this lower
lying dark state can be populated by the higher energy band edge excitons from the

bright state via phonon scattering.

6.4.2 Different Decay Channels

After the rapid initial state filling process is completed within the first 200fs, the DT
spectra in Fig.6-1 show three different components of exponential decay that corre-

spond to three channels of band edge exciton depletion, with decay time 744, Tint,
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and Ty, The fast and the slow processes have been described and studied in detail
in previous reports [127,132, 141], while the detailed mechanism of the intermediate
process has not yet been clarified.

The fast, sub-picosecond decay term observed in Fig. 6-1 has long been correlated
with bandedge decay processes that are electronic in origin {123,126, 132, 142]. Even
though multiple mechanisms have been suggested to account for this process [123, 126,
142], prior pump-probe studies have shown that such a fast initial decay process is
usually dominated by Auger processes [123, 125], whereby the collision of two excitons
results in the annihilation of one of the excitons, which non-radiatively recombines.
The excess of energy from the recombination event is simultaneously transferred to
the other participating exciton, resulting in either the dissociation of that exciton
into a free electron and hole in the continuum, or the promotion of the exciton into
an E%2(6,5) state, as described in Ma et al. [125]. The free electron and hole in
the continuum will further recombine via multiple recombination pathways without
contributing to the DT spectra observed at Eprobe.

The slow decay component has a decay timescale, T4, ~ 50ps, and this range
of long decay times is consistent with previously identified long decay time mecha-
nisms that involves non-radiative processes occurring from the band edge, such as
exciton phonon scattering, exciton-defect interactions, and relaxation by inter-tube
* energy transfer by colliding with metallic nanotubes [126, 143]. Since the quantum
yield for the radiative recombination process for SWNTs is low (107%), [121] a large
fraction of the recombination events are expected to occur non-radiatively. Thus, we
assign the slow decay component to contain contributions from both a weak radiative
recombination process and a dominant phonon-assisted relaxation process, in which
the band edge excitons are slowly depleted via phonon scattering. One such pos-
o

sible non-radiative decay scenario shows the decay of the E7;? band edge excitons

via exciton-phonon interactions which slowly decay into a defect-induced trap state
below the E%*(6,5) band edge [139].
The intermediate decay process is a more subtle process that only appears under

special circumstances when the energy difference between the pump and the probe
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pulses corresponds to two or more phonon energies, and where the phonon in question
is associated with a highly efficient phonon-assisted process. The specificity observed
in this study suggests that the 7;,; decay process can be attributed to the depletion of
the band edge exciton population via the absorption of a specific phonon by the (6, 5)
SWNT. In general, one expects such a phonon-absorption process to be in equilibrium
with the corresponding phonon-emission events. Such a process would keep the band
edge population at a steady state. However, it is possible, after a phonon-absorption
event, that the exciton in question relaxes via other channels without returning to the
band edge, resulting in a net decrease in the E'72(6, 5) band edge exciton population.
One of such scenario is described in Fig. 6-4(b).

As described earlier, during the initial exciton population build-up, a large number
of hot D-band phonons are created by two phonon emission processes a — b and
b — ¢, as shown in Fig.6-4(a). Given the large abundance of hot D-band phonons
for the first ps after the onset of the pump pulse, it is possible for the exciton at the
band edge c to absorb a D-band phonon and return to b, thus establishing a quasi-
equilibrium ¢ = b, as shown in Fig. 6-4(b). However, a small fraction of the excitons
at b, instead of following the b — c path and returning to the EY2(6,5) band edge,
can scatter with one or more small energy phonons and can leak into the band edge
of the dark exciton state d. As shown in Fig.6-4(b), once the exciton at b relaxes to
d, the exciton is likely to be trapped and never return to c¢. Under this scenario, the
"leaking” process will drive the equilibrium ¢ = b to the right and remove excitons
from EYf2(6,5) permanently at the rate of the leaking process. Under this scenario,
the 7, reflects the rate at which the exciton at b leaks into d in Fig. 6-4(b).

With the above described relaxation channels in mind, we can now understand
the effects observed with increasing pump fluence. With increasing pump fluence,
more excitons can be created at 1.567eV, and these excitons subsequently decay
via hot phonon generation. As a result, the rate of hot D-band phonon generation
increases with pump fluence, which increases the relative rate of exciton depletion at
the E‘?{“’(G, 5) band edge via the phonon absorption process described above and in

Fig. 6-4(b). This mechanism is consistent with the observed pump fluence dependence
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for T;ns. On the other hand, with increasing fluence, even though more excitons are
being generated at the E%2(6,5) band edge and the rate of the electronic relaxation
channel (such as Auger process) is more sensitive to the band edge exciton population,
little fluence dependence is expected for 7¢,5. Our data show a possible small fluence
dependence for Tas at low fluence levels in Fig. 6-2(a), but the relative weight of 74,4
decreases with increasing fluence. However, the detailed fluence dependence is not
well resolved, in our data, for such a short decay time.

In general, we would expect a similar phonon-mediated state filling process and de-
pletion process to be present for all (n, m) species, provided that Eyymp ~ E‘f{‘2 (n,m)+
2hwp for the particular (n,m) SWNT. However, out of the few prior pump-probe
studies that have met these special energy requirements [134], the measurements were
carried out on samples with many (n, m) species. For such samples, only a small per-
centage of the SWNTs in the sample could experience the special hot phonon process
observed here for the (6,5) SWNT and therefore the observed effects were smaller in
magnitude than what is seen in our study.

In the present study, the hot phonon processes becomes a very pronounced fea-
ture in the resulting DT spectra for a (6,5) enriched SWNT sample. The increasing
importance of the 7;,; process with increasing fluence shown in Fig. 6-2(c) substan-
tiates the phonon-assisted nature of this process. Note that Fig.6-2(c) shows the
relative weights of the three processes within the first 20ps. Even though the fast
Auger process might be speeding up with increasing fluence, its relative weight ap-
pears to be decreasing while the weight of the clearly resolved intermediate process

is increasing faster.

6.4.3 Probing The Minority Species In The Sample

The energy specificity for the hot phonon creation and absorption processes that lead
to filling and depletion of the band edge exciton population can be demonstrated
by the measurements carried out when Eppe is tuned to the E?f’ band edge of
the minority species in the sample, as represented by transitions O,, and Oy in the

schematic energy level diagram shown in Fig. 6-3(a).
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Table 6.1: Decay times and weights of the individual processes measured at different

probe energies

Eprobe  Pump Fluence  7fo(fs)  Afast(%)  Tint.(PS)  Aint.(%)  Totow(PS)  Asiow(%)

1.272eV 0.3J/m? ~900 ~T70  several ps  traces ~30 ~ 30
1.252eV 0.1J/m? ~700 ~45 3.0 ~ 45 ~50 ~10
11986V 03]/m>  ~800  ~90 N/A  N/A  ~40  ~10

For O, and O in Fig.6-3(a), the values of Eype are close to the EVi2(7,5)
and E¥2(8,3) band edge states, respectively. As mentioned before, even though
similar positive spectral profiles as Fig. 6-1 are observed, the different relative weight
distfibutions for the individual decay processes suggest a difference in the intrinsic
decay mechanisms involved.

Table 6.1 shows the normalized weights of the different processes in the DT spectra
measured with different values of Eprohe. With E?{‘z (6,5)+2kwp, three separate com-
ponents can be resolved, as described in Fig.6-1. When Ejob is close to EX2(7,5),
(trace O, in Fig. 6-3(b)), a biexponential decay dynamics is observed, and the decay
timescales for the two components are consistent with previous pump-probe stud-
ies [124-127,129-133,141}. Epym, (1.567eV) here still corresponds to E%*(7,5)+AE,
but AE no longer corresponds to 2fwp. Thus for the (7,5) SWNT, the DT decay does
not get a significant contribution from the hot D-band phonon absorption process.
The absence of the intermediate decay time component in this case supports the
aforementioned identification that correlates 7;,; with the depopulation of E(l)f’ band
edge states via hot phonon-absorption processes.

When Epobe was tuned to ~1.272eV (trace Os in Fig. 6-3(b)), which is close
to E?f’(8,3), it is possible to decompose the exponential decay into three compo-
nents, but the intermediate component is not clearly resolved. If instead, the tran-
sient spectrum is characterized by a biexponential decay, we find that both 7y, and
Tfast are shifted slightly compared to the values obtained from the (6,5) and (7,5)
SWNTs using three exponentials in the fit. Since the value of EY'2(8,3) + 2hwp
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is ~ 34meV higher than Eyymp = 1.56€V, it is possible for the tail of the Epymp
to access E%?(8,3) + 2hwp and to trigger similar filling and depletion processes for
the E?f‘"’ (8,3) band edge exciton population by the hot phonon generation and ab-
sorption process described above. These hot phonons can thus contribute weakly to
the DT decay and give rise to a small 7;,; component. As a result, 7;,; can then
contribute weakly to the DT decay and can get partially mixed with 74,5 and Tyou.
The unresolved 7i,,; component makes 7, a little longer, and 740, a little shorter.
Since the E%2(8,3) energy is very close to that for E%*(6,5), and since the (8, 3)
SWNT is a minority species in the sample, it is possible that we are also observing
optical responses from some (6,5) SWNTs in the sample. A sample strongly enriched
in (8,3) nanotubes will be needed to distinguish the different contributions to the
relaxation process more clearly.

The detailed similarities and differences of the relaxation processes for the (6, 5),
(7,5) and (8,3) SWNTs thus provide a better understanding of the relaxation process
for the (6,5) SWNTs. Since the (7,5) and (8,3) SWNTs are minority species in the
sample, the pump-probe signals corresponding to these tubes are weaker than the
signal correlated with the (6,5) SWNTs, and, therefore, a higher pump fluence has
to be used to induce a noticeable optical response. Even though the experiments
are here carried out under different pump fluence conditions, it is still possible to
qualitatively compare the overall weights of the intermediate decay components for
these different SWNTs and to reach some conclusions about the physical mechanisms

that are involved.

6.4.4 Photoinduced Absorption Processes

The negative DT intensities for the cases of O; and Os in Fig.6-3(b) suggest the
presence of photoinduced absorption processes. Similar absorption processes have
been observed in prior pump-probe studies [127,128,130, 144,145] under different
experimental conditions, and multiple physical models have been proposed to account
for these observations. [127, 130, 141, 144]

In the present experiment, since the values of Epe remain in the IR range,
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Figure 6-5: Schematic diagram of two possible scenarios for the photoinduced absorp-
tion process when Epobe does not correspond to excitonic band edge energies. (a)A
band edge exciton at o is created by exciting an electron from the ground state z to
a virtual state v and then combining with an optical phonon to reach state o. (b)A

band edge exciton at o can combine with a photon and access a higher continuum

mobile band state at EY*?, denote by h.
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it is not likely that the observed photoinduced absorption is introduced by plasmon
interactions as described in a previous report [128]. As shown in Fig. 6-3, the values of
Eprobe at O1 and O3 do not have the right energies for exciton creation for the SWNTs
contained in our sample, as shown in Fig.6-5(a) for z to v. The photons from the
Eprobe Pulse in this case can in fact be absorbed by the Eff‘” band edge excitons at
o (which had been previously created by the pump pulse) by promoting these band
edge excitons into either another higher band edge state or to a continuum mobile
band state, denoted by E?iAz in Fig.6-5(b). The pump-induced absorption events
will decrease the corresponding optical transmission at the corresponding Fpobe and
will result in negative DT intensities. According to this model, the probe beam
probes the population of the band edge states of the SWNTs in the sample indirectly
through photoinduced absorption, and the timescale for the exponential rise should
closely mirror the timescale for the exponential decay in the cases of photo-bleaching,
when a specific band edge state is being probed. A detailed description of such
photoinduced absorption processes is described in Korovyanko et al. [127]. According
to this model [127], the photon energy of the Epope is absorbed by a band edge exciton
with no physical mechanism to discriminate one (n,m) SWNT from another. As a
result, all of the (n,m) species in the sample should contribute to the photoinduced
absorption process. However, since our sample is enriched in (6,5) SWNTs, the DT
spectra should mostly mirror the changes in the E%2(6,5) band edge population with
time evolution.

For the cases of O; and Oj; in Fig. 6-3(b), the rising part of the spectra can be

decomposed into multiple components using an expression similar to Eq. 6.1.

I(t) = X]: Ai(1 —et™) (6.2)

Spectral analysis shows that the observed exponential rise in O; and O3 can both
be fit with a biexponential function with two ranges of rise time: 7,453 ~1-9ps and
Trisea ~30-100ps. The two ranges of rise times in the photoinduced absorption spectra
are qualitatively consistent with the ranges of 7;,; and 744y, Observed in the cases when

Eprobe ~ EY#2(6,5) and where photo-bleaching occurs. The experimental observations
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in Fig.6-3(b) substantiate the model proposed above.

In the case of Eprope ~ 1.222€V, shown as O3 in Fig. 6-3, the DT spectrum also
shows a small positive peak before the intensity drops below zero. The small positive
DT peak is attributed to the tail of the broad probe beam that excites excitons
directly into the EVf2(7,5) bandedge state at 1.19eV, which is ~ 30meV from the
Eqrobe centered energy, resulting in a small amount of photo-bleaching for short times

after the pump is fired.

6.5 Summary

In this study, by using a carefully chosen Epump that corresponds to EY2(6,5)+2hwp

and probing at EY

42(6,5), an intermediate decay time component that is associated
with the hot D-band phonon-absorption relaxation process is studied in detail. By
systematically varying the pump fluence and by varying the values of Ep;ope to be
in and out of resonance with the minority (n,m) SWNT species in the sample, we
looked into the detailed similarities and differences in the different channels of band
edge exciton population decay mechanisms for the (6,5), (7,5) and (8,3) SWNTs.
The detailed information thus obtained from the experiment clarifies the role of hot

phonon absorption and emission processes, as well as the Auger process, in the filling

and depletion of band edge exciton populations for individual SWNTs.
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Chapter 7

Finite length effects in

DNA-wrapped carbon nanotubes

7.1 Introduction

Length separation of single walled nanotubes (SWNTs) has been one of the on-going
themes in carbon nanotube research. The availability of SWNT samples with a pre-
cisely controlled geometry not only facilitates device engineering, but the availability
of SWNT samples with average lengths much shorter than the wavelength of light
also allows one to study the consequences of finite-size effects associated with the
broken translation symmetry.

Extensive theoretical studies have been carried out to understand finite-length
effects on the electronic and optical properties of carbon nanotubes [30, 146, 147]. In
particular, the vibrational structure in the extended intermediate frequency modes
(IFM) region between 600cm~! and 1500cm™! have been of special interest to nan-
otube scientists, since the broken translational symmetry in short SWNTs has been
predicted to increase the ordinarily low Raman cross section for the many modes
occurring in the extended IFM region. Previous resonance Raman studies have inves-
tigated the IFM features to determine their detailed (n,m) dependence [15,53,148,
149]. Fantini et al. [15] have explained the origin of the IFM features in the 600cm™!

and 1100cm™! range, as well as their very special excitation energy, Ejqs,, depen-
g
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dence, on the basis of the combination of zone-folded optical and acoustic branches
from 2D graphite. Further resonance Raman studies have extended the model to
relate the detailed spectral dispersion behavior to different SWNT diameter and
metallicity-dependent resonant Ej; transitions [149]. On the other hand, no system-
atic study has been carried out to explore the IFM intensity dependence on nanotube
length. |

Recent developments in the size exclusion chromatography (SEC) technique [19)
have enabled length separation of DNA-wrapped SWNTs into suspensions of iso-
lated SWNTs samples with quite uniform length distributions, as described in Sec-
tion 3.3. In this chapter, a systematic resonance Raman study is presented on such
DNA-wrapped CoMoCAT SWNT samples with different average lengths, produced
“using SEC separation. The effects of the reduced translational symmetry and of the
increased cap contribution to the vibrational structure of short SWNTs has been
studied in detail. As the average nanotube length decreases, many of the features
in the extended IFM region show an increased Raman cross section. The extent of
the Raman intensity increase is found to be dependent on the physical origin of the
IFM features. The IFM features originating from the scattering processes around
the high-symmetry I" point are found to have little or no dependence on the nan-
otube length, while the other features increase in relative intensity with decreasing
nanotube length. The increased contribution of the end-cap in short nanotubes also
yields enhanced intensities for several fullerenic features. In addition, the changes
in the D-band intensity are examined as the nanotubes become shorter, in the con-
text of the crystalline size effect, when compared to the D-band intensity behavior in

nano-graphite samples.

7.2 Experimental

Three samples of DNA-wrapped CoMoCAT SWNTs with average lengths of ~ 50nm,
~ 70nm, and ~ 100nm were prepared using SEC, following procedures established in

a previous report [19,93](as described in Section 3.3). The average length for each
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of the fractions has been previously determined by AFM measurements [19], and the
variation in the nanotube length distribution is estimated to be about 10%. [19] The
dried samples used for optical characterization were prepared from the fractionated
liquid samples by dropping 15uLs of the same stock solution onto a piece of sapphire
substrate, one pl, at a time. The drops were allowed to dry into a thick layer.
Resonance Raman spectroscopic measurements were carried out using a home-built
micro-Raman system [150], and the spectra taken at the same laser excitation energy
are later normalized with respect to their G-band intensities. The laser excitation
energies, Ejser, were generated from a Krt ion laser and a dye laser (using DCM
and Rhodamine 6G dyes), pumped by an Ar* ion laser. A thermoelectrically-cooled
Si CCD detector was used in conjunction with the dye laser. The laser power level
on the sample was kept below 0.45 mW through a 50 microscope objective in the

backscattering geometry to prevent overheating the sample.

7.3 Enhanced Features in the Extended IFM Re-
gion

For the first experiment, the value of Ej4-, was chosen at 647nm (1.92eV) because
this Ejser is resonant with the (7,5) SWNT, which is one of the dominant major-
ity species in the samples used in these experiment. The DNA-wrapped, as-grown
SWNT sample (labeled as-grown) was used as a standard. Since the as-grown sample
had not gone through the SEC fractionation process, the length distribution of the
sample resembles that of typical CoMoCAT starting materials. The spectra for all
of the samples are normalized with respect to their G-band intensities, and only one
dominant radial breathing mode (RBM) associated with the (7,5) SWNTs could be
observed in Fig. 7-1 (a) for all of the samples. This particular choice of Fjyq, allows
“one to focus on one particular (n, m) species and to emphasize the effects of nanotube
length on the Raman spectra.

The spectral features shown in Fig.7-1 (a) associated with the 100nm samples
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closely resemble the features of the as-grown sample, in which the average lengths are
estimated to be at least several hundred nanometers. As the average length of the
SWNT samples decreases, more features appear in the Raman spectra in the extended
IFM region, and higher relative intensities (relative to the G-band) are observed for
these IFM features, as shown in the inset of Fig. 7-1 (a).

To show the effects of nanotube length on the Raman intensities more clearly, I
plot in Fig. 7-1(b) the difference spectra between the SEC treated SWNT samples
and the as-grown sample. Since previous AFM characterization [151] has shown the
DNA coverage to be approximately the same for the as-grown sample as compared to
- the SEC fractionated samples, the difference spectra allow one to eliminate any weak
spectral features in the extended IFM region arising from the DNA-wrapping agent.

In general, the Raman intensities in the IFM region are very low because many
of the Raman-active IFM features correspond to long wavelength vibrations along
the axial direction. [30] Since nanotube-shortening lowers the translational symme-
try, more Raman-active features in this spectral region are expected to appear [30].
The reduced symmetry for short nanotubes has also activated several otherwise silent
IR-active modes in the resonance Raman spectra, even though the sp*-bonded car-
bon network is unlikely to support any static dipole. Several IR-active modes were
consistently observed for all of the short DNA-wrapped SWNT samples at all values
of Ejgser. The frequencies for these observed IR modes are consistent with the ones

reported previously [152] (See Fig. 7-3).

7.3.1 Length-Dependent Intensity Evolution

Most of the IFM frequencies observed are consistent with the mode frequencies re-
ported in previous Raman studies [15, 149, 1563], with a small frequency variation due
to curvature effects. On the other hand, different length dependencies of the mode
intensity are observed for different extended IFM features. These differences in the
pattern of intensity evolution with length are associated with the different physical

origins of the observed IFM features, as explained below.
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Figure 7-1: a) A comparison of the resonance Raman spectra for an ensemble of
an as-grown SWNT sample wrapped with DNA (not fractionated) and three SWNT
samples with an average length of 50nm, 70nm, and 100nm, respectively, that had
been fractionated using SEC [19]. The spectra were taken with an excitation energy
647nm(1.92eV), which is highly in resonance with the (7,5) SWNT species. The inget
to the figure shows a magnified portion of the modes in the extended IFM region.
All four spectra are normalized with respect to their G-band intensities. b) Shows
the difference spectra between the finite-length sample and the as-grown sample in
the extended IFM region between 600 — 1500cm ™!, The spectra in (b) were obtained
by subtracting the spectra of the DNA-wrapped, as-grown sample from the spectra

from each of the three short samples. 126
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Figure 7-2: (a)Evolution of the increase in the relative [IFM intensity, with respect to
the G-band intensity (I;rp/1c), as the average length of the nanotubes decreases from
100nm to 50nm. The relative intensities are plotted as a function of inverse nanotube
length for Ejgse, = 647nm (1.92eV) and Fjuser = 640nm (1.93eV) (b) A comparison of
RBM features excited by 640nm and 647nm. The dominant RBM feature at 297¢m™*
corresponds to the (7,5) SWNTs. The normalization of the spectra are to the G-band

intensity in all cases. 127



Transitions Originating from I' Point Processes

Figure 7-2(a) shows the detailed evolution of the relative IFM intensities at two values
of Ej4ser, both in resonance with the (7,5) SWNT. For both laser excitation energies,
Fig. 7-2(b) shows that the (7,5) SWNTs are the only dominant resonant species.
However, since the 647nm (1.92eV) laser excitation is slightly off resonance, no clear
pattern could be observed in the case of 647nm (1.92eV) when we compare the pattern
of IFM intensity evolution with respect to nanotube length. As we tuned the Eje,
slightly to 640nm (1.93eV) to get closer to E; for the (7,5) SWNTs, the observed
Itpm /I are higher in general, and a clear pattern for IFM intensity evolution with
respect to nanotube length can be identified.

For the two non-dispersive Raman features at 840cm™! and 908cm™! originating
from the I point, their intensities do not increase significantly with decreasing length.
This result showing little length dependence for these features is consistent with
the identification of these peaks with the out-of-plane, totally symmetric vibrations.
These two modes consistently show a weak or no dependence on length for all values

of the Ejzser.

Transitions Originating from near-M Point Processes

For Raman features observed around 610cm™! and 760cm™! in Fig. 7-1 (a), the rela-
tive Raman intensity goes through a rapid increase initially when the average length
changes from 100nm to 70nm. The rates of the intensity increases for these two peaks
slowed down when the average nanotube length changed from 70nm to 50nm. These
features are identified with the near-M-point symmetry-breaking process (labeled in
solid triangles), following previous IFM studies [15,149,153]. The two features are
assigned to transitions with a similar origin due to the similar length-dependent pat-
tern in their relative intensities. At the given values of Ej,.,, it is also possible to
assign 760cm™! to a different combination IFM mode, as the counterpart for the

1

observed 908cm™~! combination IFM mode, which is identified as the linear combina-

tions of optical and acoustic phonons. However, compared to the 908cm~! mode, the
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760cm™! mode has a significantly larger intensity increase with respect to decreasing
average nanotube length. It is possible that the sharp 760cm™! feature arises from a
combination of the two mechanisms, and the near M-point process is responsible for

the large intensity increase with decreasing average nanotube length.

IR Active Modes and Fullerenic Features

The third class of IFM intensity behavior, as labeled by open circles in Fig. 7-2,
is associated with the IR active and fullerenic modes in nanotubes. Raman features
around 1462cm™!, 1402cm™!, and 1189cm™! are consistently observed in the extended
IFM spectra. These frequencies correspond to the vibrational energy of previously
observed IR features, and they are likely to be activated by the reduced translational
symmetry in short SWNTs.

On the other hand, the mode occurring at 1462cm™ has been a prominent vi-
brational feature observed in fullerenic structures, such as Cgp and Cyq [27]. The
1402cm™!, and 1189cm™! modes have also been observed in a few reports on fullerene
studies. Since the short nanotube samples contain a larger sample fraction of hemi-
spherical end caps, which have a similar geometric and vibrational structure as
fullerenes, the large increase in the [FM intensity observed at these IFM frequencies
can probably be partially attributed to contributions from the end caps, in addition
to the activated IR modes. The intensities for these features increase rapidly as the
average nanotube length changes from 100nm to 50nm.

The ~ 1050cm ™! Raman feature observed in all of the samples for all Ej,,., values,
has been previously identified to be a signature of an asymmetric C-O stretch vibra-
tion originating from gas adsorption [153]. This explanation is consistent with the
occurrence of the 1050cm ™! peak observed for our sample, since the same transition
has been reported to occur at the same frequency for all of the samples regardless of
the diameter distributions for SWNTs synthesized using different methods [153]. For
all values of the Ej4qer shown in Fig. 7-2, the relative intensity for this feature (shown

in open stars) shows a large increase with decreasing nanotube length.
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(n,m) Dependence

As mentioned in Chapter 2, the IFM features have been previously observed as sharp
peaks associated with the combination of optical and acoustic-like modes, exhibiting
a step-like dispersive frequency behavior with changing Ejgeer. [15,149] For larger
diameter SWNT's produced using the laser ablation method, only mod(2n + m, 3)=1
carbon nanotubes with low chiral angle are observed. In the model proposed in this
work [?,149], additional selection rules for the electron-phonon scattering process
allow only the contribution of low chiral angle semiconducting nanotubes belonging
to the class S; (mod(2n + m, 3) = 1) to the IFM spectra. [15, 149]

To further investigate the IFM structures of different (n,m) species, the samples
were studied at three additional values of Ej., around the same energy region,
as shown in Fig.7-3. For these values of Fj,,.., several species of similar diameter
semiconducting SWNTs with different chiral angles contribute significantly to each
of the spectra. The common IFM features as well as their possible assignments are
summarized in Table7.1. For Ejqe, = 679nm (1.83eV), in which (8, 3) is emphasized,
the detailed pattern of intensity evolution does not seem to change very much, but the
frequencies of the peak appear to be highly dependent on the resonant (n,m) species.
Compared to (7,5) SWNT, (8,3) SWNTs belongs to the same (2n +m = 19) family
(or (mod(2n + m, 3) = 1)), and the two species have similar diameter. However, the
(7,5) SWNT is a near armchair SWNT with 6 ~ 23.2, whereas (8,3) has 6 ~ 15.3.
The small difference in diameter and chiral angle reflect on the extended IFM spectra
shown in Fig.7-3(a) and (b). The starkly different spectra between Fig. 7-3(a) and
(b) confirms that the scattering process associated with the combination modes in
the extended IFM region is indeed very sensitive to the detailed nanotube geometric
structure. The large intensity obtained in the extended IFM region for both (7,5)
and (8,3) also suggests that it is possible for SWNTs with higher chiral angles to
exhibit significant IFM intensities. Even though this observation is different from
the model established using bundled HiPco and laser ablation SWNT's [15, 149, large
IFM intensities have been previously reported for higher chiral angle SWNTs in the
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case of isolated SWNTs grown on charged poly-silicon substrate [53]. It is possible
that for SWNT's wrapped with DNA, similar charge transfer effects between DNA and
SWNT (as described in Chapter 4) provides additional perturbation to the system
and enhances the originally weak IFM features for SWNTs with high chiral angles.
Further studies will be required to establish a better model to understand the large
IFM intensities observed in these SWNT's with larger chiral angles.

For Ejgser =620nm, the (8,3) SWNTs go out of resonance while (11,0) SWNTs,
zigzag SWNT, come into resonance. In this case, (7,5) SWNTs remain in resonance.
Assuming that Fig.7-3(c) can be decomposed into the summation of contributions
from (7,5) and (11,0) SWNTs, the effect of chirality can be identified by comparing
Figs. 7-3(b) and (c). As more (n,m) species contribute to the spectra, more Raman
features appear in the spectra. Even though the relative intensities for the near-T"
point features around 840cm™! do not change much with nanotube length, they do
appear much broader in the Raman spectra, as seen in Fig.7-3 (c), because more
components associated with the different resonant (n, m) species are observed at the
corresponding Ej,ser-

Several extended IFM features observed in this experiment are not discussed in
detail in terms of the length dependence of their intensities because the modes are
either too weak or they don’t appear consistently from one spectrum to another. One
such peak is the feature at 1401cm™!, which is observed in many of the spectra and
is identified to be either an IR-active mode, a fullerenic vibration, or a combina-
tion of both, However, since the peak is very weak, it is difficult to determine the
length-dependent behavior. Similarly, the mode around 1234cm™! has been consis-
tently observed when Eju, = 640nm (and sometimes when Fjgeer = 620nm). Even
though the vibrational frequency is close to one of the previously-reported IR modes,
additional systematic studies will be needed to investigate and to explain both the
specificity of this mode to the Ejq s and the large intensity increase with decreasing
nanotube length.

Even though pure poly(GT) DNA does give rise to weak vibrational features in the

IFM region, the resonantly enhanced Raman modes arising from carbon nanotubes
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Figure 7-3: Resonance Raman spectra in the RBM and IFM regions of DNA-

wrapped SWNTs with different average lengths, taken at (a) Ejyse, = 679nm (1.83eV),
(b) Ejgser = 640nm (1.97eV), and (c)Ejgser = 620nm (2.00eV). The values of Ejyse,,
respectively, emphasize (a) (8,3) (b) (7,5), and (¢)(7,5) and (11,1) semiconducting

SWN'T species.
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Ejgser in A(nm)

Table 7.1: IFM frequencies and their assignments

Shift (cm™)

assignment [15, 152]

intensity behavior

647,679,620 610 oTO/ITA near M point increases with decreasing length
647,679,640,620 761 oTO/iTA near M point increases with decreasing length
647,679,640,620 761 combination IFM increases with decreasing length
647,679,640,620 833-842 oTO small length dependence

647,679,640,620 908 Combination IFM Mode small length dependence

647,679,640,620 1045-1051 C-O vibration increases with decreasing length
647,679,640,620 1189 IR and fullerenic modes increases with decreasing length
640,620 1234 possibly IR mode increases with decreasing length
647,679,640,620 1291-1309 D-band increases with decreasing length
647,679,640,620 1403-1410 IR and fullerenic modes increases with decreasing length
647,679,640,620 1460 IR and fullerenic modes increases with decreasing length

are roughly one order of magnitude higher in intensity in the IFM region. Therefore,
the observed increasing IFM intensities most likely arise from the intrinsic property
of the carbon nanotubes instead of from DNA. As the value of Ej,,., becomes greater
than 2.2eV, a broad fluorescence background arising from DNA can be observed for
all of the samples. This fluorescence background interferes with the intensity analysis
of the lower intensity IFM features discussed in this section. As a result, the detailed

intensity analysis for this energy region is not presented.

7.4 Other Crystalline Size Effects in Carbon Nan-
otubes

7.4.1 D-band intensities and End-Cap Effects

An important consequence of the reduced aspect ratio in SWNTs is the reduced
crystalline graphitic sidewall length and the resulting increased fractional contribution

of the end-caps to the nanotube structure. This structural characteristic is reflected
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in the Raman intensity for the D-band spectra. The D-band is activated in the first-
order Raman scattering process by the presence of in-plane defects, vacancies or by
finite size effects, all of which lower the crystalline symmetry of the quasi-infinite
lattice. In the case of short nanotubes, the increased defect-induced scattering by the
end cap and the reduced crystalline length along the nanotube axis are expected to
significantly increase the relative D-band intensity through a similar mechanism.

Figure 7-4(a) shows the D-band intensity, normalized to the G-band intensity,
as a function of inverse nanotube length at four different values of Ej.r that are
in resonance with small diameter semiconducting SWNTs. A clear correlation is
observed between the average inverse length and the relative D-band intensity,/p/Ig,
that is commonly plotted in materials characterization studies of disordered carbon
systems [154-156].

Figure 7-4 (b) shows the Ip/Is ratio as a function of Ejg., for samples with
different average lengths. Within the energy range below 2eV, where the value of
Ejqser emphasizes smaller diameter semiconducting nanotubes, the values of Ip/Ig
decrease with increasing Ejuse. for all of the samples. This observation is consistent
with the general D-band behavior observed for sp? carbon materials [154-156]. On
the other hand, the relative D-band intensity increases with Ej,s as the values of
Ejaser become greater than 2eV. This increase in Ip/Ig ratio is attributed to a larger
fraction of the tubes that come into resonance with Fj,.er being metallic nanotubes.
Our observation is consistent with previous findings that the metallic SWNTs have
a larger D-band intensity than semiconducting SWNTSs [155,156]. In this higher
excitation energy range where more metallic nanotubes are in resonance, a broad
baseline arising from the DNA fluorescence signal is also observed, and this broad
fluorescence baseline interferes with the intensity analysis of the weaker intensity IFM
features. To avoid confusion, the IFM analysis shown in this chapter has focused on
the values of Ej.,e, that are in resonance with semiconducting SWNTs.

Historically, the ratio of the D and G-band intensities (Ip/I¢) has been used as a
qualitative measure of crystalline size, based on several empirical studies that combine

crystallography and spectroscopy [154]. A recent optical study of nanographitic ma-
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terials has further established an universal relation regarding the Ej.,. dependence

that applies to the characterization of all graphitic materials [25] and is given by

560 Ip . ~!
=5 (7.1)

where L, corresponds to the crystallite size. In our experiments, the observed nan-

L,(nm)

otube length dependence of Ip /I ratio can be seen as an analog of the crystalline-size
effect observed in nano-graphitic materials that has a E} . dependence on the laser
excitation energy. The linear correlation observed in our experiments suggests that
the Ip/Ig ratio can be used as a qualitative indicator to estimate the length of the
carbon nanotubes. However, the Ip/Is dependence on crystalline size, Lg, in the
present experiment does not follow Eq. 7.1 closely. Figure 7-5 shows the comparison
between the universal relation derived for nano-graphitic materials and our measure-
ments for the short SWNT samples studied here. In general, the Ip/Ig ratios for
SWNT are higher than the corresponding values for nano-graphites at the same laser
excitation energy. The curvature and resonance enhancement in SWNTs is proba-
bly responsible for these larger values of Ip/Ig. Additional study will be needed to

determine if such a universal relation applies to SWNT systems.

7.5 Other Second Order Raman Features

Several second order Raman features, such as the M-band, iTOLA, and G’ band fea-
tures are consistently observed in the spectral region between 1650cm ™! and 2700cm
for all values of Ej,..,. In general, the relative intensities for these observed overtone
features are found to have little or no dependence on nanotube length.

Since the M-band and the iTOLA mode are associated with vibrations near the I'
point in which totally symmetric vibrations are involved, we can understand the lack
of a length dependence using the same logic as is explained in Section 7.3, where the
length dependence of the first order I' point processes is discussed.

In contrast to the first order D-band process discussed in the previous section, the

process associated with the second-order G’ band is symmetry-allowed by momentum
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nanotubes samples, excited at multiple laser excitation energies, and the universal
relation for the crystalline size dependence of the Ip /15 ratio in graphite, empirically

determined from nanographites. [25]

conservation requirements. Since no defects or symmetry-breaking mechanism is re-
quired in the scattering process, the mode is an intrinsic feature of all sp? carbons.
As a result, the broken translational symmetry in short nanotubes is not expected to
introduce a length dependence into the relative intensity of the G’ band, in agreement

with observation.

7.6 Summary

In this chapter, a systematic resonance Raman study has been carried out on DNA-
wrapped SWNTs as a function of nanotube length, using different values of Fjy e,
as well as their (n,m) dependence. We have observed a large increase in Raman and
IR mode intensity in the IFM region with decreasing average length. The extent
of the Raman intensity increase is found to be dependent on the origin of the IFM
features. The changes in the D-band intensity are also examined in the context of

the crystalline size effects as the nanotubes become shorter. The correlation observed
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between the Ip/Ig ratio and nanotube length indicates that the Ip/I¢ ratio can be

used as a qualitative gauge for estimating the average nanotube length.
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Chapter 8

Conclusions

8.1 Conclusions

The optical studies presented in this thesis have contributed to the understanding of
nanotube sciences and one dimensional physics in several respects. Using resonance
Raman spectroscopy (RRS) and photoluminescence spectroscopy (PL), a careful char-
acterization is carried out on different DNA-wrapped SWNT samples to study the
effects of DNA wrapping on the electronic and vibrational structure of SWNTs. Based
on the comparison between the SWNTs wrapped with DNA and SWNTSs encapsu-
lated in the more commonly used SDS encapsulating agent, a simple guideline can
be established for characterizing SWNTs in different environments. Even though the
different wrapping agents and the fractionation process perturb the electronic struc-
ture of the nanotubes and shift the excitonic transition energies, this perturbation
does not alter the optical properties of the nanotubes enough to affect the (n,m)
identification based on the (2n+m=constant) family patterns.

The DNA-wrapping not only serves as an encapsulating layer for SWNTs, the layer
also provides a means to selectively produce a sample that is highly enriched in one
specific (n,m) species using ion exchange chromatography. The availability of such
an enriched sample introduces the possibility to study subtle optical processes that
are originally too weak and too confusing to study in an ensemble sample consisting

of many different (n,m) species. By tailoring the range of the excitation energies in
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the PL experiment to avoid the strongly resonant electronic transitions, it is possible
to separately identify the weaker individual phonon-assisted processes that could not
be clearly observed in bulk materials system. The experiments shown in this thesis
has identified these discrete phonon assisted relaxation channels in great detail. In
light of the recent developments in the excitonic theory of 1D systems, the observed
phonon-assisted processes are interpreted and examined in terms of excitonic states.
The phonon energies associated with these phonon-assisted transitions in SWNTSs
mirror the phonon energies observed in its bulk counterpart. On the other hand, in
contrast to the optical phonons observed in 3D graphite, the slightly shifted G-band
phonon energy observed in PL spectra of SWNTSs suggests the presence of a strongly
coupled exciton-phonon bound state due to the strong 1D confinement condition. The
presence of such exciton-phonon bound state can be well-correlated with previous
theoretical prediction, and the experimental result confirms the excitonic nature of
the optical transitions observed in semiconducting SWNTs.

To further understand the role of phonon assisted processes in exciton relaxation,
the dynamics of such phonon-assisted processes is studied using time-resolved spec-
troscopy. By using a carefully chosen Eyymp that corresponds to E(ff’ (6, 5)+2hwp and
probing at EXf2(6,5), an intermediate decay time component that is associated with
the hot D-band phonon-absorption and relaxation process is identified and studied in
detail. In addition to the extensively studied (6,5) SWNTs, similar mechanisms for
the minority species in the sample are also investigated by systematically varying the
pump fluence and by varying the values of Eyrone. The detailed similarities and differ-
ences in the different channels of band edge exciton population decay mechanisms for
the (6,5), (7,5) and (8,3) SWNTs are examined. Photoinduced absorption processes
were also observed when the selected values of Epqpe correspond to off-resonance
energies. The experimental results suggest that in the event of a multi-phonon as-
sisted relaxation process, it is possible for an additional excitonic state to participate
in the relaxation process and give rise to the intermediate relaxation time compo-
nent. A possible mechanism of this process involving the dark E-symmetry exciton

is proposed in Chapter 6. The detailed information obtained from the experimental
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studies clarifies the role of hot phonon absorption and emission processes, as well as
the Auger process, in the filling and depletion of band edge exciton populations for
individual SWNTs. The experimental result also gives insights on how dark excitons
predicted by theory might indirectly participate in the exciton relaxation process,
and consequently lower the quantum yield significantly in optoelectronic processes.
Lastly, to further understand the structural-property relation for short nanotubes,
as the separation techniques are developed to gain further control in nanotube length,
a series of resonance Raman study is carried out on DNA-wrapped SWNTs samples
that are sorted by length using size exclusion chromatography. The consequences of
finite-size effects are examined by monitoring the intensities of the Raman features
in the extended intermediate frequency mode (IFM) region between 600cm~! and
1500cm ™. Many of the features in the extended IFM region show an increased Raman
cross section with decreasing average length. The extent of the Raman intensity
increase is found to be dependent on the origin of the IFM features. The changes in
the D-band intensity are also examined in the context of the crystalline size effects

as the nanotubes become shorter.

8.2 Future Studies

Many important questions arise as we learn more about the system of DNA-wrapped
SWNTs. These unanswered questions hold promises for important developments in
the field, and they will need to be addressed in future works. I will end the chapter
with a few suggestions on possible future studies.

The optical characterization of the DNA-wrapped nanotubes has provided guide-
lines on the characterization of SWNTs that are conjugated with biological species.
Since the emphasis of the study was on optical characterization, most of the analysis
has been carried out on first order Raman features that gives the direct information
on nanotube structures. On the other hand, preliminary data have shown that, all
of the DNA-wrapped SWNTs are found to have surprisingly intense and well-defined

combination mode features around 1650-2200cm ™ when the laser excitation energies
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Figure 8-1: (a) Shows a comparison of the intensity of combination modes for different
samples that have gone through different wrapping and fractionation procedure. The

spectra were taken using Fj,zer = 1.63eV.

are in the near IR region. Figure8-1 shows a comparison of the combination mode
region spectra, for the as-produced CoMoCAT SWNT sample with no DNA wrapping,
CoMoCAT SWNT sample wrapped with DNA, and the (6,5) enriched fractionated
DNA-SWNT sample. As the SWNT become isolated from one another and with
ion exchange fractionation, the relative intensities for these combination modes such
as the M-bands and the iTOLA modes increases. As the SWNT become isolated
from one another through DNA-wrapping, the relative intensities for these combina-
tion modes such as the M-bands and the iTOLA modes increases. It would greatly
advance our understanding of the overtone and double resonance process in carbon
nanotubes to study such features in detail. Also, since most of the studies carried out
in this thesis are done on bulk SWNTs samples. It would clarify our understanding
of the bundling effects by depositing the SWNTs on substrate and study the similar
optical processes at the single nanotubes level.

The detailed PL study discussed in this thesis has identified the different non-
radiative, phonon-assisted relaxation channels in 1D systems. The time-resolved
study of these processes further clarified the possible roles of phonon assisted processes
and dark excitonic states in the relaxation of excited excitons. On the other hand, the

identification of phonon sideband for multi-phonon processes discussed in Chapter 5

142



has not been studied in detail. Even though multiple transitions were observed and
the consistent shift in phonon energy indicates the presence of such state, a more rig-
orous theoretical investigation that takes into account of the different excitonic states
will be needed to understand the nature of a bound state of an exciton and multiple
phonons. More detailed time-resolved experiments on enriched sample can also be
designed to probe the role of different dark excitons play in exciton relaxation. In
addition, a systematic investigation of the fluorescence resonance energy transferring
(FRET) mechanism in aligned nanotubes will also yield important information on the
distance-dependence of the energy transfer mechanism between different nanotubes.

Furthermore, the broken translational symmetry observed in short nanotubes is
expected to have an effect in the relaxation dynamics. Previous study on quantum
dots and quantum well has shown that the relaxation dynamics in nano-scaled systems
is highly dependem on the dimension of the system. However, no systematic study
has been carried 6ut on the size dependence of relaxation dynamics in nanotube
system. I expect that a systematic study of the finite-size effects of nanotubes in the

time domain will lead to important results.
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