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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 D.NA 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 Epuq that corresponds to E:? (6,5) + 2 b  
and probing at ~!?(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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otube mixture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  83 
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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 (SWNTs). 

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 



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 ID 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 ID 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 



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 SWNTs 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 me characteristic of short 

nanotubes are examined. Lastly, conclusions of this thesis are presented along with 

suggestions for future research in Chapter 8. 



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 (ID) 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 SWNTs due to the one-dimensional 

(ID) confinement of electronic states [I, 261. 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 [lo]. 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 S WNTs. 



Figure 2-1: The unrolled honeycomb lattice of a nanotube. When we connect sites 

0 and A, and sites B and B', a nanotube can be constructed. The vectors OA 

and OB define the chiral vector Ch 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, rn) = (4,2) nanotube [I]. 

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]. Figure 2-1 shows how a rectangular piece of 

graphene sheet defines the nanotube unit cell by the nanotube translational vector T 

and the chiral vector Ch.  The detailed structure of a given SWNT can be specified 

by the chiral vector Ch 

Ch = nal + ma2 E (n, m) (2.1) 



where unit vectors a1 and a2 are the unit vectors of the graphene lattice. As shown 

in Figure 2-1, the chiral vector C h  makes a chiral angle 8 with the so-called zigzag (or 

al) edge. In addition, Ch connects two crystallographically equivalent sites 0 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 8 = 0°, while the so-called armchair nanotube axis corresponds to 8 = 30°, and 

the nanotube axis for so-called chiral nanotubes corresponds to 0 5 8 5 30". The 

seamless cylinder joint of the nanotube is made by joining the line AB' to the parallel 

line OB in Figure 2- 1. For a given (n, m) SWNT, the nanotube diameter dt can be 

determined as: 

dt = ch/?r = &ac-c(m2 + mn + n2)1/2/~  (2.2) 

where ac-c is the nearest-neighbor C-C distance (1.421 A in graphite), Ch is the 

length of the chiral vector Ch. The chiral angle 8 is given by 

Thus, the geometric structure of a SWNT can be specified by its (n, m) indices, which 

can be used to calculate the values for dt and 8. 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 a1 and a2. 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 al and a2 of the hexagonal lattice 

are expressed as a1 = (&a/2, a/2) and a 2  = (fia/2, a/2), where a = lall = lazl = 

1.42 x fi = 2.46 A is the lattice constant of a graphene layer. Correspondingly, the 

basis vectors bl and b2 of the reciprocal lattice are given by bl = (2~ /&a ,  2?r/a) and 

b2 = (2?r/&a, -2?r/a) corresponding to the graphene lattice constant of 4s/&a 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 



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 ai, and 

bi, (i = 1,2) are basis vectors and reciprocal lattice vectors, respectively. The high 

symmetry points, I?, K and M are indicated [2]. 



vector T 

where the coefficients tl and t2 are related to (n, m) by 

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

d if n - m is not a multiple of 3d 
d R =  { 

3d if n - m is a multiple of 3d, 
(2.6) 

in which d is the greatest common divisor of (n, m). The magnitude of the translation 

vector T = IT( is IT1 = f i ~ / d ~  where L is the length of the chiral vector Ch = ?rdt 

and dt is the nanotube diameter. The unit cell of the nanotube is defined as the area 

delineated by the vectors T and Ch. 

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 Ch, 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 K2 along 

the nanotube axis and K1 in the circumferential direction, which gives the discrete k 

values in the direction of the chiral vector Ch. The vectors K1 and K2  are obtained 

from the relation Ri . K j  = 2rbij, where Ri and Kj are, respectively, the lattice 

vectors in real and reciprocal space, and K1 and K2 therefore satisfy the relations 



From Eqs. (2.7) it follows that K1 and K2 can be written as: 

where bl and b2 are the reciprocal lattice vectors of a 2D graphene sheet given above 

(See Figure 2-2 (b). The N wave vectors pKl ( p  = 0, .  . . , N - 1) give rise to N 

discrete k vectors in the circumferential direction. For each of the p 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 K2 

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 a bands form a strong covalent 

bonding network within the 2D graphene layer, the non-hybridized T bands are close 

to the Fermi level, so that electrons can be optically excited from the valence (T) to 

the conduction (T*) band. Using the simple tight binding calculation, one can obtain 

dispersion for the T and T* bands of 2D graphite as shown in Fig. 2-3(a) [I]. 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 kl = tK1, where Kl = 2/dt and t = integer. 

The wave vectors kll along the tube axis direction K2 remain continuous (kll = aK2, 

a real, la1 < 112). The K1 and K2 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 T-band nearest- 

neighbor tight-binding model [I]. Solid curves show the cutting lines for the (4,2) 

nanotube 131. (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) . 



line and zone folding approach [I, 31. In reality, the large curvature in such a small 

diameter SWNT introduces re-hybridization of the sp2 bonding network, as well as 

a mixing of the o and n 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 (K1  = 2/dt), and their direction 

relative to the hexagonal 2D Brillouin zone depends on 6. 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 Eii the 

electronic transition energies between electronic valence and conduction bands with 

the same index, with the subscript i = 1 ,2 ,3  ... labeling the Eii values for a given 

SWNT as their energy magnitude increases [I], the set of measured Eii values will be 

specific to each individual (n, m) nanotube. 

SWNTs can be classified according to whether mod (2n + m, 3) = 0 , l  or 2, where 

the integers O,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 < rn) are metallic at  

room temperature. Frequently, superscripts S or M are used to denote the electronic 

transition energies EE;' for metallic S WNTs and E: for semiconducting S WNTs. 

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 14-61 

2D graphene sheet by using the similar zone folding approach [5,29,30] as was used 

to find the 1D electronic dispersion relations [I, 311. 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 &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, 6N 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 p 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 p = 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 



techniques [4-61. 

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 [I], 

as is illustrated, respectively, in Fig. 2-5(a) and (b) for a (10,lO) SWNT. The large 

amount of sharp structure in the phonon density of states in Fig. 2-5(b) for the (10,lO) 

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 [I, 71. 

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 q = 0. These modes include one with E2 

symmetry expected at -17 cm-' (the squash mode), one with El symmetry, expected 

at -1 18 cm-' , and one with A symmetry (radial breathing mode) [I, 111. Figure 2-7 

shows the Raman-active modes of A, El, and E2 symmetries and the corresponding 

cutting lines p = 0, p = f 1, and p = f 2 in the unfolded 2D Brillouin zone. The r 
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 



Figure 2-5: (a) The calculated phonon dispersion relations of an armchair carbon 

nanotube with (n, m) = (10,lO). 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 [I]. (b) The corresponding phonon density of 

states for a (10,lO) nanotube [7]. (c) The corresponding phonon density of states for 

a 2D graphene sheet [I]. 

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 El,,, is close to the transition energy for light absorption or emission (Eii). If 

the resonance Raman effect occurs for photon absorption, that is the incident light 

resonance condition, 

El,, = Eii (incident light resonance), (2.9) 

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

condition, a phonon with frequency wi is created, 

El,,, = Eii + hi (Stokes scattered light resonance), 



and the resonance condition depends on the phonon energy hi. 

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 

El, = Eii - (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 SWNTs 

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 

Rarnan spectra denoted by '*', and these Si features are used for calibration purposes 

Raman-act ive modes 
Basis functions 

Figure 2-7: The Raman-active modes of A, El, and E2 symmetries and the corre- 

sponding cutting lines p = 0, p = f 1, and p = f 2 in the unfolded 2D Brillouin zone. 

The I' 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. [I, 111 



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 

cm-') 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 SWNTs in carbon materials. The RBM frequency WRBM gives the nanotube 

diameter through the relation WRBM = &Idt + P, where cu = 248cm-'nm and ,O = 0 

has been found to apply to isolated SWNTs on a Si/Si02 substrate [7,10,32]. In 

the case of nanotube bundles or bulk samples dispersed in solution using wrapping 

agents, P accounts for the intertube interactions and environmental effects. The 

values of unique cu and p combinations have been determined empirically for different 

samples prepared using different methods. Considering the dt values obtained from 

the WRBM, and Eii El,, from the resonance condition, the RBM feature can be 

used for making (n, m) assignments of individual SWNTs [lo]. Figure. 2-6(b) shows 

the spectra for isolated nanotubes grown on a SiOz substrate. The spectra were taken 

with a laser excitation of El,,, = 1.58 eV (785 nm). The observed RBM and G-band 



spectral features for the upper spectrum are related to a SWNT with dt = 1.59nm. 

EIser is now in resonance with EE, and can be assigned as a metallic (13,lO) SWNT. 

The lower spectra comes from a semiconducting (23,l) SWNT, where El,, is in 

resonance with E&. 

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 SWNTs 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 wc+ 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 1593cm-I and 1567cm-' arise from phonons with 

A and El symmetries, the smaller intensity features at 1526cm-' and 1606 cm-' are 

associated with Ez symmetry phonons. Phonons with A, El and E2 symmetries can 

be distinguished from one another by their behavior in polarization-sensitive Raman 

experiments 112,351. These are the only phonon symmetries giving rise to Raman 

active modes 131. 

Polarization analysis of Raman spectra and a comparison with ab initzo calcu- 

lations is consistent with the observation of A, El and Ez symmetry modes in the 

G-band for SWNTs. Figure 2-8(a) shows three different G-band Raman spectra from 

a semiconducting SWNT, but with different directions for the incident light polariza- 

tion, i.e. O$, 8; + 40" and 0: + 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 1591 cm-l --+ A; 

1572 and 1593 cm-' -+ El; 1554 and 1601 cm-' -t E2. 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 SWNTs in resonance with El, = 2.41 eV. The Lorentzian peak 

frequencies are in cm-'. Ob 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 0; - 0" and 0; - 90" 1121. 

G-band spectra exhibits WRBM = 180 cm-I (dt = 1.38 nm) [lo]. 

Figure 2-8(b) shows two G-band Raman spectra obtained from another semicon- 

ducting SWNT (wRBM = 132 cm-'), with 0: and 0:+90°. The spectra can be fit using 

four sharp Lorentzians, and a broad feature at  about 1563 cm-'. This broad feature 

(FWHM -- 50 cm-') is sometimes observed in weakly resonant G-band spectra from 

semiconducting SWNTs. A broad feature is also observed at -- 1610 cm-' 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 1600 cm-' are assigned as E2 modes, while the 1571 and 1591 cm-' peaks 

are assigned as unresolved ( A  + El) modes, their relative intensities depending on the 

incident light polarization direction 1351. 



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[l3]. See text for details. 
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2.3.2 Overtones and Second Order Features 

Double Resonance Scattering Processes 

1 -phonon emission 

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 thesame 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- 

2-phonon 

1 st Order 

( a l ) ~  

k+q 

2nd-Order process 

(bl)K (b2)K (CI)K~ 

k+9 



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 EF is linear in wave 

vector k, which is expressed by the crossed solid lines in Fig. 2-9. The crossing point 

corresponds to EF located at the K point. When the laser energy El,,, 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 k ,  measured from 

the K point. Thus by changing El,,, we can observe the phonon energy h ( 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 El,,, [37]. A tunable laser system 

can directly show this dispersive behavior for a dispersive feature such as the D-band 

or the GI-band in the Raman spectrum. 

When we consider the energy and momentum conservation for k and q, we need 

to introduce two other concepts to describe the scattering processes: intravalley and 

intervalley scattering, respectively, associated with q = 0 and q = 2k phonons where 

the value of k is measured from the K (or K1) point [14,38]. Since EF 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 K1 (or from K' to K) .  The corresponding q vector for 

intravalley and intervalley scattering is, respectively, near the I? and K points, as 

measured from the I' point. Only q = 2k modes will show a large dispersive behavior 

for the Raman frequency as a function of El,,,. 

Both in graphite and in SWNTs, the D-band at  1350cm-' and the GI-band at 

2700 cm-' (for El,,, = 2.41 eV) are, respectively, due to one-phonon and two-phonon, 



Figure 2-10: (a) Calculated Raman frequencies for the double resonance condition as 

a function of El,, (bottom axis) and the q vector along r-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]. 



2nd order Raman intervalley scattering processes. Thus for graphite, the D-band 

spectra appearing at 1350 cm-' (one-phonon DR) can be fitted to two Lorentzians, 

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 w~ and w~ would be measured for 

Else, = 2.41 eV and their dispersion would be 53 cm-'/eV and 106 cm-'/eV, respec- 

tively, for SWNTs. Although the w~ and WGI dependences on Else, are linear for 

most disordered graphite-like materials, w~ and UGI in SWNTs exhibit an anomalous 

oscillatory dispersive effect, since the resonance condition for S WNTs occur at their 

1D vHSs [39-411. 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/d~:A,. 

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

PI. 

D and G' bands 

Also commonly found in the resonance Raman spectra in SWNT is the D-band feature 

with w~ at 1200-1347cm-' 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  

2wD, both associated with a double resonance process [43]. Both the D-band and 

the GI-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 GI-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 [45-481. Measurements of 

the D-band and the GI-band frequencies at the single nanotube level provide unique 

information on the chirality and diameter dependence of w o  and w ~ l ,  and can be 

used to measure the trigonal warping effect in the electron and phonon dispersion 



Table 2.1: Properties of the various Raman features in graphite and SWNTS.') 

Name w[cm-'1 R ~ s . ~ )  d w / d ~ ~ )  Notes 

iTA 288 DR1-AV 129 iTA mode, q = 2k 

LA 453 DR1-AV 216 LAmode,q=2k 

RBM 248/dt SR 0 Nanotube only, vibration of radius 

oTO 860 DR1-AV 0 TR-active mode in graphite 

D 1350 DR1-EV 53 LO or iTO mode, q = 2k 

LO 1450 DR1-EV 0 LO mode, q = 0 

G 1582 SR 0 Raman active mode of graphite 

M- 1732 DR2-AV -26 overtone of oTO mode, q = 2k 

M+ 1755 DR2-AV 0 overtone of oTO mode, q = 0 

iTOLA 1950 DR2-AV 230 combinational mode of iTO and LA 

G' 2700 DR2-EV 106 overtone of D mode 

2LO 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 El, = 2.41 eV. 

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, h / d E  denotes the change w in cm-' produced by changing E = Elme, by 1 eV. 



relations of SWNTs, providing information not readily available using other experi- 

mental techniques [49]. 

Measurements of w~ and w~ for special semiconducting SWNTs, where the zncz- 

dent photon is in resonance with one vHS (e.g., E&) and the scattered photon is in 

resonance with another vHS (e.g., E&) 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 SWNTs 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 El, is usually carried out to determine the 

dispersion of these spectral features as El,, 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 w k  and 

w&. A Lorentzian fit was therefore made of the several Raman features observed from 

1650 to 2100 cm-' from SWNT bundles, using different El, excitation lines. This 

figure shows that the lower frequency mode w k  exhibits a weakly dispersive behavior 

(frequency w, shifting down by - 30 cm-' as El, is varied from 1.58 eV to 2.71 eV), 

while the upper feature frequency w h  is basically independent of El,,. [51] The higher 

frequency iTOLA mode is highly dispersive and upshifts from 1864 cm-' to 2000 cm-' 

as El,,, varies from 1.58 eV to 2.71 eV. 

The features observed between 1650 and 2100 cm-' 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 (oTO), infrared-active mode at 867 cm-' 

in graphite, with M+ identified with an intravally overtone of oTO phonon and M -  
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Figure 2-11: Lorentzian fits of the Raman spectra taken at several Elmer 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 El,, 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 600-1100 cm-', in 

single-wall carbon nanotubes. Figure 2- 12 (a) plots the El, dependence of the IFM 

features. This figure was constructed by taking IFM spectra obtained with 22 different 

I$,, values between 1.92 eV 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 El,,, = 2.05 eV, 2.20 eV, 2.34 eV, 

and 2.54 eV are shown in Fig. 2-12(b) as examples. The spectra taken at various El=,,, 

as shown in Fig. 2-12, exhibit features with a dispersive behavior, i.e., the phonon 

frequencies change with changing El,. Figure 2- 12 (a) shows the El-, dependence 

of Rarnan spectra as a (quasi)continuous development, whereas Raman spectra taken 



Figure 2-12: (a) Two-dimensional plot for the El,,, 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 wkM features. (b) Raman 

spectra with El,, = 2.05, 2.20, 2.34, and 2.54 eV. [15] 



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- 

minat ion 

In this subsection we show how measurements a t  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 [I]. 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/Si02 

substrate using a fixed laser energy El,,,, 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 Eii values 

within the resonance window of a given El,,. Figure 2-14(b) shows the Raman 

spectra from three isolated SWNTs in resonance with an excitation laser El,,, = 

1.58eV7 taken from different spots on the Si/Si02 substrate shown in Fig. 2-14(a). 

From knowledge of both the breathing mode frequency WRBM and Eii Elaser7 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 

Eii and WRBM (or dt). The red circles denote the transition energies for metallic 

nanotubes, whereas the green and blue circles denotes different (2nfm 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 (2nfm MOD 

3=2). The more subtle distinction between these two types will be discussed in the 

later chapters 

positions of Eii and W ~ M  (or dt), summarized into a Kataura plot, as shown in 

Fig. 2-13. The WRBM is known to depend linearly on the number of carbon atoms 

around the tube circumference, and therefore WRBM depends on l/dt. In this work, the 

relation used to relate W ~ M  to dt for SWNTs in the diameter range 1.2 < dt < 1.8 nm 

was found to be WRBM = 2.48/dt [lo] . This assignment with WRBM = 248/dtcm-' 

works well for dt > lnm. However, for small diameter SWNTs dt < lnm, we need 

to consider in detail the curvature effect of the cylindrical surface of a SWNT on Eii 

and WRBM. 

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 Si02 substrate. The inset shows the 

SWNT diameter distribution of the sample. (b) Raman spectra from three different 

spots on the Si/Si02 substrate. The RBM frequencies (widths) and the (n, m) assign- 

ment for each resonant SWNT are displayed [lo]. 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,O) SWNT on a Si/Si02 substrate 1161. The predicted resonant window 

is shown by the solid curve, while the vHS in the DOS at 1.655eV is shown by the 

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

energies. 



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 dt values. 

2.4 P L  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 singlewall carbon nanotubes(SWNT) [20-241. Resonance Raman spec- 

troscopy, optical absorption and PL spectroscopy have all been used to determine the 

Eii 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 E; 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 Eii and emission at 

Ell, 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 (272 + m = constant) family pattern with theoretical 

prediction. 

Similar sample characterization can also be carried out using RRS 18,541, and the 

Eii 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 



measurements, the corresponding characterization process is generally slower. How- 

ever, the Eii 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 SWNTs or from 

SWNTs in bundles cannot be observed. For such samples, resonance Raman experi- 

ments could be a complementary method used for Eii 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 SWNTs 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 Eii 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 SWNTs suspended over a longer trench over 10pm 

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]. 



2.5 Exciton Formalism and Optical Selection Rules 

The advances in optical techniques and the curious E & / 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 S WNTs. 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= n / T  ) are isomorphic to the DN (D2nh) point group 

for chiral (achiral) nanotubes, while the factor group for a general wavevector k is 

isomorphic to the group CN (Cznv) 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 (Rlr) 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 C2 rotation (a n 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 1p1. Since the exciton wave function for the one-dimensional (ID) 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- 



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 Ep 2D representation while the blue lines (thick) correspond the A1 excitons 

while the cyan lines (thin) correspond to the A2 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 (dt < 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 OEp symmetry [58-60], where 0 

denotes the n = 0 envelope function state and Ep 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 (A1) 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 nanotube 

transforms as the A2 representation for chiral nanotubes [58]. Therefore, from the 



4 excitons obtained for each envelope function, only the A2 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 /I = 0 as a function of tube diameter. 



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 SWNTs 

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 



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 fabricat ion 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, 

621 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 [69-731. 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 



Figure 3-1: Transmission electron microscopy images of single-walled carbon nan- 

otubes (S WNTs) 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 1711. It was reported that 

most of the resulting SWNTs had catalytic particles attached to the ends, indicating 

that the growth of SWNTs 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. 



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(C0)5 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 HzO. 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, 

791 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 metallmetal oxide nanoparticles tend to aggregate during the 

growth process, the resulting SWNT samples usually have a broad distribution of 



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 [BO-831. 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 



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. 



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 1.05f 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 DNA-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 S WNT solutions. [84- 

881 



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 SWNTs 

using the enhanced chemical affinity of semiconducting SWNTs to octadecylamine 

[ODA, CH3 (CH2) 17NH2] [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/NH3-(CH2) &H3 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 [go]. 

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 D20 at concentra- 

tions of 10mglL  were subjected to dielectrophoresis at a frequency of 10 MHz and 

a field of about 2 L  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 



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 ?r-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 SWNTs 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 CoMoC AT starting materials, it is possible to selectively 

fractionate out a fraction that is strongly enriched in specific (n, rn) species [86,93,94]. 

These strongly enriched samples hold promise for advancing device development. By 

taking advantage of a SWNT 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, 



Figure 3-4: AFM images of three representative SEC fractions deposited onto alkyl 

silane-coated SiOz 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 1871 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 SiOz substrates. The AFM characterization has 

shown that the separation yields a fairly uniform length distribution, with about 10% 

variation in length. The availability of SWNT 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 



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. 



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, 



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 ith excitonic 

transitions, Eii, were measured over a wide range of excitation energies, El,,,, for 

both samples. The values of the radial breathing mode (RBM) frequency, WRBM, 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 ID 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 E2-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 Eii determination. The electronic structure of nanotubes can be perturbed differ- 

ently when the tubes are situated in different environments, and the Eii can change 

by different amounts. 



4.2 Experimental 

Thirteen laser excitation energies, El,,,,, were used in the RRS measurements, in- 

cluding the 2.71 eV (458 nm), 2.60 eV (477 nm), 2.54 eV (488 nm), 2.50 eV (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; 1.97eV (633 nm), 1.94eV (640 nm), and 1.88eV (658 nm) from 

a dye laser (using DCM dye), pumped by an Ar+ ion laser; 1.97 eV (633 nm) from a 

HeNe laser; and 2.33 eV (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 lOOOB micro-&man sys- 

tem at  the Boston University Photonic Center was used in conjunction with 1.96 eV 

and 2.33 eV excitation. All scattered light was collected through a 50 x 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 a t  different power levels between 

0.05mW and 0.488mWl the average temperature (T) of the DNA-SWNTs samples 

was extrapolated to be -350K. Although a small degree of heating (-50 K), was ob- 

served, the changes in spectral intensities do not shift the E& value by more than 2 

meV, which is smaller than the uncertainty in the experimental Eii determination (5 

meV) 181. 

SWNTs produced using CoMoCAT catalysts [99,100], which yield SWNTs with 

a narrow diameter (dt) and chiral angle (0) 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 30pL of the stock 

solution onto a sapphire substrate 1pL at a time. The drops were allowed to dry 

into a thick layer of nanotubes. An as-produced, CoMoCAT-based, non-fractionated 



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  El,,,, = 

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 dt-selective, selecting nanotubes within a specified dt range that fits the specific 

dimensions of the GT-DNA. As shown in Fig. 4-l(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 dt 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-S WNT 

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 E2 components that only occur 

in as-grown materials have been identified. 



dt and metallicity can be further achieved by IEC fractionation. A similar separation 

mechanism is observed in IECbased 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 WRBM 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. 

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). Figure 4- 

1 (b) shows a comparison of the G-band spectra of different environments taken 

at El,,, = 2.19 eV. Since previous PL experiments [22,99] showed that 2.19 eV 

excitation is strongly in resonance with the E& 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.41 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 



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 dt-independent G+ feature composed 

of components with A/El symmetry, whereas the peaks at  1541 cm-' and 1526 cm-' 

can, respectively, be associated with the dt-dependent G- feature for the larger dt 

M SWNTs (Gf) and the smaller dt S SWNTs (Gi )  with components of A and El 

symmetry. G ,  is generally associated with a broad, asymmetric spectral profile due 

to phonon-plasmon interactions. However, since there were relatively fewer M CNTs 

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 E2 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 Gf intensity was observed to decrease as more small dt (S) SWNTs 

are selected by DNA-wrapping, as shown in Fig. 4 1  (b). The intensity of the G! 

further decreases as the number of M SWNTs decreases in the fractionated sample. 

As the samples were wrapped by DNA, the E2 modes disappeared, suggesting that the 

isolation achieved by DNA-wrapping quenches such E2-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 SWNTs. 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. 



4.4 Eii 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 Eii 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 E: 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 E& 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 (Ias/Is) is dominated by the resonance process. Values of Eii were deter- 

mined from the intersection of the resonance windows for the AS and S scattering 

processes [loll. 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 



peak intensities versus Elas,, for a few closely spaced Elam 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 Elas, 

values used in this experiment and the weak signal observed for the anti-Stokes Fta- 

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 values for each type of sample with similar 

wrapping agents were compared to the ratios of the temperature-normalized Ias/Is 

ratios at  El,, to obtain an experimental determination of Eii, 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 SWNTs 

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 (-100f 30meV) and the I?, 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 laser 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 - l4meV) compared to the non-fractionated DNA-SWNT 

sample. 

To facilitate comparison with the work of others, the RRS-determined E& values 



Figure 4-2: (a) shows a resonance window measured for a SDS-wrapped, HiPco SWNT 

sample dispersed in solution, reported in Fantini et al. 181. (b) shows a resonance 

window of bundled HiPco SWNT sample, as previously reported in Fantini et al. [8]. 

(c) 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: EL determined from the temperature-normalized Ias/Is ratios of the 

RRS spectra, plotted against WRBM, 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 E& values are 

determined from RRS and PL measurements, whereas the values of Es, values are 

determined from the PL emission of encapsulated SWNTs. 



for S SWNTs were plotted against the radial breathing mode frequencies, WRBM, 

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 E$ values for the DNA-SWNT hybrids are compared to the 

E& values measured using the PL technique for an SDS dispersed HiPco nanotube 

sample in solution, for which a previously determined fitting formula 

was employed to extract the corresponding WRBM values 120,231. As shown in Fig. 4 

3, the RRS measured WRBM values for the DNA-SWNT hybrids in the present work 

correspond very well with the formula-extracted WRBM for the SDS nanotubes with 

the same (n, m) assignment (201. From the comparison of the E& vs. WRBM values, 

the DNA-S WNT 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, E&, 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 E22 transition energies. 

Even though good agreement can be obtained between the WRBM and E& 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. 



4.4.2 P hot oluminescence (PL) Measurements 

PL measurements were carried out to further investigate the effect of fractionation 

and DNA-wrapping at the EE band edge. F'rom PL measurements over a wide range 

of excitation energies, the Ef, and E& 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 En and Ell transitions measured for the two 

samples using Raman and PL are listed in Table4.l. The excitation and emission 

energies for these peaks can be correlated with the E& and E?, energies previously 

measured for SDS-encapsulated HiPco nanotubes in solution. For nanotubes whose 

excitonic transition energies were determined from PL measurements, the values of 

WRBM 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 ~ 3 0 m e V  for both the SDS/HiPco and DNA/CoMoCAT tubes. 

Figure 4-3 shows the energies of the E:2 and E:, emission peaks for the DNA- 

SWNT hybrids, together with previously reported values for SDS-dispersed nan- 

otubes [20,23] and the EL values were measured with RRS. Even though most of the 

E: 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 Table 4. I), 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 E& excitation 

energies, the E; 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 Eii obtained for SDS-isolated HiPco nanotubes with the 

same (n, m) assignment, most of the PL-determined shifts in the E& and E& 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 E& + Ef, 

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. 



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 values measured using RRS, as mentioned above (see Table 4.1). The 

shifts in Eii 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 Eii 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 

1.255eV7 which corresponds to the (6,5) SWNT. Even though the excitation energy 

does not correspond to E&, 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,O) 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. 45.  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 a#not 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-S WNTs hybrids Fractionated DNA-S WNTs SDS-S WNTs 1201 

1.689(PL) 

1.671 (PL) 

1.938 (RRS) 

1.692(PL) 

2.046 (RRS) 

1.927(RFtS) 

1.665(PL) 

1.930(RRS) 

2.188(RRS) 

1.869(RRS) 

2.186(RRS) 

1.936(RRS) 

1.190(PL) 

1.663(PL) 

1.935(RRS) 

2.201(RRS) 

1.873(RRS) 

1.257(PL) 2.186(RRS) 

1.822 (RRS) 

2.181(RRS) 

1.934(RRS) 

2.502(RRS) 

environment, perturb the nanot ube electronic structure, and change the Eii values 

by a small amount, as shown in Fig. 43 .  Similar shifts in the Eii 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 Eii determination, as shown 

in Fig. 43.  

4.4.3 Learning From Excitonic Transit ion 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- 



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 dt- 

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 E2-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 



to the environment surrounding the nanotube. By comparing the (2n+m=constant) 

family pattern for the different DNA-SWNTs and SDSencapsulated SWNTs 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. 



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) 120-241. The 

ability to probe the electronic structures of a large number of semiconducting SWNTs 

has made PL a powerful and complementary method to resonance Raman spec- 

troscopy (RRS) for the characterization of SWNTs. In most prior PL studies [20-241, 

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 ith electronic 

interband transition, Eii, for different semiconducting SWNTs 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 

[102-1051, 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 



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,s)-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 Ez2 and Ell 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. P honon-assisted processes along the 

elongated absorption profile, associated with phonons both at the 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 1991 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 pL 

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 



diode array detection system and a Spex 750M Spectrometer through a microscope 

objective. A linear interpolation routine (1071 in MatLab was used to construct the 

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

5.3 Phonon- Assisted Processes 

Figure 5-l(a) shows a two-dimensional (2D) plot of the excitation vs. emission ener- 

gies of the (6,5) enriched, DNA-SWNT sample, where EE denotes the ith resonant 

excitonic subbands of the corresponding bound electron and hole levels, in the nth 

exciton state, in which n=O 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, Em, between 

1.43eV-1.64eV, such that Epl < E, < E& (Ek=1.255eV and Eg2 =2.19eV [20,54]), 

and the spectra are recorded in Fig. 5-l(a) and are labeled in the schematic diagram 

as shown in Fig. 5-l(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, EE(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=O 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 E:,. The horizontal gray bands, denote 

the nearly-cont inuous luminescence 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 Raman scattering 

processes for G-band, M-band, and G'-band phonons. Strong PL emission spots at 
90 

Ey1=1.255 eV, 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 120-241 focused on the SWNT resonant 

electronic processes described in Fig. 5-2(a), where absorption of the incident photon 

occurs at the E& 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 Eyl band edge through multiple channels of relaxation (b-rc) and recombines by 

emitting a photon @+a). The red rectangles labeled with '(ex" 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, Eex, 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 Eyl band edge and recombines. Along the 

Eex scale for the same band edge emission at 1.255 eV in Fig. 5- 1 (a), intense PL peaks 

at several special Eex values were observed. These peaks are shown as red circles in 

Fig. 5-l(b). Fkom 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 Eex values indicated by red open circles in Fig. 5- 

l(b) is the most intense at the excitonic band edge Eem = 1.255 eV for the (6,5) 

SWNT, but nearly continuous emission over the range 1.06 to 1.35 eV is observed for 

each special Eex. 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 E, 

values is associated with red circles I through V in Fig. 5-l(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 [20-241 excitonic recombination mechanism for the (6,5) 

nanotube. The process involves excitonic absorption at Eg2 (point b). The excited 

exciton can relax down to Eyl (point F) via multiple channels, and can recombine 

at Eyl. 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 

E&, 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- 

l(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 E,,=l. 255 eV. (e) Corresponds to the thermally-excited processes 

that are associated with the horizontal streaks shown across the PL map in Fig. 5-l(b). 



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(f 0.005eV) Peak Symmetry Phonon Phonon 

(eV) Label Point ~ u a n t i t ~ ( ~ )  Branch 

I r 2 iLO and iTO 

I I K 2 iTO 

111 K 2 iLO and iLA 

IV(*) K 2 iTO and iLA 

v r 2 OTO 

VI r 1 iLO and iTO 
- - -- - - - - - - - - - - -- 

(")~umbers 1 and 2 refer, respectively, to one and two-phonon processes. 

(b)~l though 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-td) [see 

Fig. 5-2(b)]. The two-phonon process brings the exciton to the E!l band edge, where 

recombination occurs. The cross section for this process becomes especially large 

when the Eex 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 Eyl becomes 

very intense at these special Eex values (such that Eex = Ey1+2tiwq). This two-phonon 

process gives rise to the intense transitions that are marked by red circles I through V 

in Fig. 5-l(b) for different combinations of the r-point (q=O) and K-point (q=rK) 

optical phonon modes. The specific energies and assignments of these optical phonon 

branches associated with spots I-V in Fig 5-l(b) are listed in Table 5.1. Furthermore, 

a t  Eex = Eyl + 0.07eV = 1.33 eV, 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 I1 and V in Fig. 5-l(b) 



arise from similar two-phonon M-band and Gf-band Raman scattering processes, and 

the Raman shifts for the two can be roughly calculated to be 1702 f 40cm-' and 

2560 f 40cm-', respectively. Although all SWNTs in the sample contribute to these 

Raman peaks [orange lines in Fig. 5-l(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 Eex values. These Raman scattering peaks 

mostly occur from non-resonant processes when the phonon series do not cross the 

Ek 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 I1 and V at Eem = 1.255eV in 

Fig. 5- 1 (b) . 

A detailed examination of the intersection between the - 45" series and the E,, 

= 1.255 eV profile (as shown in Fig. 5-3) shows that these non-resonant Raman series 

do not intersect the vertical E,, = 1.255 eV emission profile at  the special Eex 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 El,,, = 1.58 f 0.005eV (See table5.1). At the 

same value of Eex, the non-resonant Raman transition seems to occur between 1.257 

and 1.258eV, 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 Gf 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 [I081 for an one 

phonon process, and the energy for the exciton-phonon bound state obtained from the 



Figure 5-3: A magnified portion of the a 2D excitation vs. emission contour map 

shown in Fig. 5-l(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 El,,,, = 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 [log, 1101. On the other hand, it is not clear whether the similar strongly 

interacting exciton-phonon bound states can also form for transit ions observed in 

multi-phonon processes such as the G' (2D), the M-band (20TO), 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 Eox 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 E, are large, the linear extrapolation [107] algorithm yields 

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

5.3.2 One Phonon Process and Phonon Sideband 

On the other hand, the mechanism associated with peak VI in Fig. 5-l(b) appearing 

N 0.2eV above E ! ~  can be explained by a one-phonon process shown in Fig. 5-2(c). 

In this process, phonon-assisted light absorption ( a - 4 )  excites t h e  exciton to an 

excited state. The excitation, along with a simultaneous zone-cent er (q=O) phonon 

emission (b-tc) creates an exciton at the E : ~  band edge, where the ground state 

exciton radiatively recombines (c-ta). This process gives rise to  spot VI in Fig. 5- 

1 when the G-band (the r-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 Rarnan scattering peak at  1585 f 

40cm-'. Along the diagonal emission series, the Raman process is only resonant when 

E, and E,, correspond to spot VI and when state "c" is resonant with the E:l 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 Ek band edge) have recently been identified from PL 

experiments carried out with both HiPco SWNTs [I101 and SWNT samples isotopi- 

cally labeled with C13 [log]. The width of the so-called phonon sidebands observed 



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 [lll]. 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 features 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 Eyl 

band edge when excited with all E,, values within the range of this experiment, as  

denoted by the blue vertical stripe in Fig. 5-l(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 - 4 )  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 E ! ~  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 E,,. 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#O near 

the Eyl band edge is generated by light absorption (a-46) and exciton relaxation 

through multiple recombination channels (b-tc, waved arrow). These K#O excitons 



can radiatively recombine by either emitting a q=K phonon (d+e+a) or absorbing 

a q=-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-l(b). The lower energy (Eem<E:l) and higher energy (Eem>Eyl) 

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-l(b). At these special Em values, 

the exciton formation is enhanced by the phonon-assisted absorption processes shown 

in Figs. 5-2(b) and (c), which increase the K#O exciton population. The assignment 

of this relaxation mechanism is supported by the observation that the horizontal 

emission streaks [I through VI in Fig. 5-l(b)] drop drastically in intensity on the lower 

energy side of the horizontal streaks at a cut-off energy Eem= Eyl - hw,,=1.06 eV, 

where hwm,=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. 



(6,5) nanot ube. 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 EpL 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 OD [114-1171 and 2D [117-1191 systems, 

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



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 [log, 1101. 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 SWNTs. 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 S WNTs 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 Eem = E:l for selected values of Eex. Intense resonance 

Raman features were observed at  Eem = 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. 



Chapter 6 

Time Domain Study of 

Phonon-Assisted Processes in 

DNA-wrapped S WNTs 

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 (SWNTs) 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(P1) quantum efficiency ( < has been a subject of interest [120,121]. 

Most prior time-resolved studies [122-1271 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 [I 29,1301. The numerous time-resolved 

studies have provided important information for understanding the dominant ex- 



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 [124-126,129-1331. On some occasions, an intermediate decay time of 2- 

5ps can be observed in non-degenerate pump-probe studies when the pump energy, 

Epump, is off-set from the probe energy, Eprober 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 11351, the value of the Epmp was selected to be 

very close to ~?;4~(6,5)+2tWg,  where 2 h D  corresponds to the energy for two D-band 

phonons and E:?' (6,5) denotes the energy for the band edge excitonic state with an 

envelope function symmetry n = 0 and exciton symmetry A2 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, ATIT,, 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), To, where AT = T - To. 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 



decay timescales can be resolved [137]. 

With a (6,5) enriched sample [93] and a carefully selected energy for Epump, we 

examine the physical process governing this well-resolved intermediate decay compo- 

nent in detail. By systematically varying the values of Eprobe 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 Eprobe 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 Experiment a1 

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]. F'rom 

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 pL glass spectrophotometer cell with a lmm 

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) lkHz 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 probe pulse was generated by the signal field 

of a home-built optical parametric amplifier (OPA) that uses a non-linear LiNbOa 



crystal as the gain medium. The input seed to the OPA is generated by a white 

light continuum creased by focusing a pJ 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 Eprobe between 1.272 to 1.158eV. The pump 

and probe pulses were both characterized using an optical spectrometer to determine 

the spectral 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 X/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 rSl,, 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 Epump - 1.567eV 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 

Eprobe E:? (6, 5) at 1.252eV) for a (6,5) enriched DNA-wrapped nanotube sample, 

pumped with E,,, - 1.567eV (pump fluence level fixed at 0.1J/m2). 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 Tint more clearly. 



energy of E:? (6,5) + 2tuJD, while, Eprober was set a t  -1.252 eV, which is close to 

the previously determined ~ : ;~(6 ,5)  band edge for DNA-wrapped SWNTs [54,135]. 

The quantity 2hD 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, t ,  can be decom- 

posed into a simple multi-exponential decay function 

in which the coefficient Ai denotes the relative weight of the ith process associated 

with decay time r.. For the present experiment, a tri-exponential ( j  = 3) decay 

function can be resolved. 

Upon excitation from the pump pulse, numerous excitons are created at  an exciton- 

bound phonon state corresponding to Epump. As a result of the special pump energy, 

a large number of the excitons non-radiatively decay to the band edge E:? (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 (< 200 fs) 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 (&lo%) and -2-3ps(f lo%), 

respectively, and the two decay terms each account for ~ 4 5 %  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 (rfost, Tint and rSl,) was first studied by keeping Eprobe 

close to ~ : ;~ (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 rsr, and Tint 

'Since it is difficult to accurately resolve T,~,, within the initial decay of 20ps, the pump fluence 

dependence for T,~,, 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 Eprobe ~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 r.lm 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 thelQgnamics 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. 
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Figure 6-3: The schematic diagram and the respective DT spectra for five different 

probe energies. (a) A schematic diagram of different values of Eprobe relative to 

the band edge energies of different nanotubes. The values of Eprobe from O1 to 05, 

respectively, are 1.158eV, 1 .198e~,  1.222eV, 1.252eV, 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. 



show a clear pump fluence dependence, in which the decay processes occur faster with 

increasing fluence, whereas the fluence dependence for r fa8t  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 Tint is found to increase with pump fluence. As discussed in the next section, the 

result of the increased weight of Tint 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 further establish the identifications for the various decay processes, 

we extend the two-color experiment to excite different (n, m) SWNTs for which the 

Epmp does not correspond to specific exciton-phonon states [135]. We scrutinize 

the relaxation dynamics more generally by monitoring the DT spectral profiles when 

tuning Eprobe between 1.158eV and 1.272eV at four values of Eprobe that are different 

from Eprobe = ~:;4'(6,5). The positions of the different Eprober relative to the band 

edge energies of different (n, m) species in the sample, correspond to 01, 02, 03, and 

O5 in the schematic diagram shown in Fig. 6-3(a). 

In the-cases of O2 and O5 in Fig. 6-3(a), the values of Eprobe are close to the band 

edge energies, E:? (7,5) and ~:?(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 Eprobe - E!:' (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 Eprobe are chosen such that Eprobe 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 O1 and O3 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. 



rise components in O1 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 a t  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 a t  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 Epuq at ~ ; ? ( 6 , 5 )  + 2 b  and Eprobe at  the 

(6,5) band edge to, study the pump-induced excitonic filling and depletion of the 

E:f2 (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 04). This sharp rise can be related 

to rapid state filling processes at the ~ : f ~  (6,5) band edge. In most two-color pump- 

probe studies where E,,, - ~ ! p ( n ,  rn) + A E  and Eprobe ~ : f ~ ( n ,  m), the (n, m) 

band edge state is filled by the EpUmp-created higher energy excitons which lose energy 

via phonon emission events involving many different phonons [130]. In the present 

study, the excitons created by Epump 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 ~ :? (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 



with momentum q to access a dark exciton state with 0 Ep symmetry [58-601, denoted 

by b in Fig. 6-4(a). Here 0 denotes the n = 0 envelope function state and Ep 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 

~ : f ~  (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 

Esymmetry exciton to another E-symmetry excitonic state [139]. Similarly, an E 

symmetry phonon would scatter an A-symmetry exciton to an Esymmetry excitonic 

state and vice versa [139]. Since the D-mode process is strong for Esymmetry 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 ~::~(6,5) 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 Epuq in this experiment is close to the position 

of the previously reported (6,5) (or 2p exciton) level [I361 for (6,5) SWNTs, we 

do not populate the E:;' (6,5) 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 



Figure 6-4: (a)A schematic diagram of relaxation from a to  the OA2 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 = l3:f2 (6,5), corresponding to point c. 

dynamics, should not be much affected by the ~ : f '  (6,5) state. Similarly, the lower 

lying dark excitons with lAl 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 7-jost, Tintr 



and r8lw. 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, 

1421, 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 ~ : f ~ ( 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, rSl,, - 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 [I211 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- 

sible non-radiative decay scenario shows the decay of the E:t2 band edge excitons 

via exciton-phonon interactions which slowly decay into a defect-induced trap state 

below the E?f2 (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 



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 7int 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 ~!;'(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 + c, 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 c * 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 E;f2(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 c + b to the right and remove excitons 

from ~ f f ~  (6,5) permanently a t  the rate of the leaking process. Under this scenario, 

the rht 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;f2(6, 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 



for Tint- On the other hand, with increasing fluence, even though more excitons are 

being generated at the EF2(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 T f a s t  Our data show a possible small fluence 

dependence for rfa8t  at low fluence levels in Fig. 6-2(a), but the relative weight of Tfast 

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 EEmP - ~ y f ~  (n, m)+ 

2hwo 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 Tint 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 Epmbe is tuned to the E?f2 band edge of 

the minority species in the sample, as represented by transitions Oz, and O5 in the 

schematic energy level diagram shown in Fig. 6-3(a). 



Table 6.1: Decay times and weights of the individual processes measured at different 

probe energies 

Eprobe Pump Fluence ~f .st ( fs) A f ast (%) ~ i n t .  (PS) Airat. (%) ~slm (ps) Aslow (%) 

1.272eV 0.3J/m2 -900 -70 several ps traces -30 - 30 

1.252eV 0.1 J/m2 -700 ~ 4 5  3.0 - 45 -50 -10 

1.198eV 0.3J/m2 -800 -90 N/A N/A -40 -10 

For 0 2  and Os in Fig. 6-3(a), the values of Epmbe are close to the E;,AZ(~, 5) 

and E:f2 (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 

distributions 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 Eprobe With E?t2 (6,5) + 2 h D ,  three separate com- 

ponents can be resolved, as described in Fig. 6-1. When Epmbe is close to E:? (7,5), 

(trace O2 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 [124-127,129-133,1411. E,,,, (1.567eV) here still corresponds to E:f2 (7,5) +A E, 

but A E  no longer corresponds to 2 h D .  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 Tint with the depopulation of E:f2 band 

edge states via hot phonon-absorption processes. 

When Eprobe was tuned to -1.272eV (trace Os in Fig. 6-3(b)), which is close 

to E:,A" (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 rSlm 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 E:f2 (8,3) + 2 h D  



is N 34 meV higher than Epump = 1.56 eV, it is possible for the tail of the Epump 

to access E?f2 (8,3) + 2hD and to trigger similar filling and depletion processes for 

the ~ : 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 Tint component. As a result, Tint can then 

contribute weakly to the DT decay and can get partially mixed with rfast and ~ ~ l ~ ~ .  

The unresolved ~i,t component makes Tfast a little longer, and rS1, a little shorter. 

Since the Eft2 (8,3) energy is very close to that for E:f2 (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 Auence 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 O1 and O3 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 Epmbe remain in the IR range, 



Figure 6-5: Schematic diagram of two possible scenarios for the photoinduced absorp- 

tion process when Eprobe 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 a t  I3iA2, denote by h. 



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 I to v. The photons from the 

Eprobe pulse in this case can in fact be absorbed by the ~ ! f ~  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 ! ~ ~  in Fig. 6-5(b). The pump-induced absorption events 

will decrease the corresponding optical transmission at the corresponding Eprobe 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 Eproba is absorbed by a band edge exciton 

with no physical mechanism to discriminate one (n, rn) 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:? (6,5) band edge population with 

time evolution. 

For the cases of O1 and O3 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. 

Spectral analysis shows that the observed exponential rise in O1 and O3 can both 

be fit with a biexponential function with two ranges of rise time: Trisel -1-9ps and 

T.ise2 -30-100ps. The two ranges of rise times in the photoinduced absorption spectra 

are qualitatively consistent with the ranges of Tint and rsl,, observed in the cases when 

Eprobe ~2~ (6,5) and where photo-bleaching occurs. The experimental observations 



in Fig. 6-3(b) substantiate the model proposed above. 

In the case of Epmbe - 1.222 eV, 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 E:? (7,5) bandedge state at  1.19 eV, which is - 30 meV from the 

Eprobe 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 Epmp that corresponds to E:? (6,5) + 2bD 
and probing at ~:?(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 Eprobc 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. 
' 



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 p r e  

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 underst and 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, rn) dependence [15,53,148, 

1491. 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, El.,,,, depen- 



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 Eii 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 N 50nm, 

- 70nm, and - lOOnm were prepared using SEC, following procedures established in 

a previous report [19,93](as described in Section 3.3). The average length for each 



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 15pLs 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 11501, and the spectra taken at  the same laser excitation energy 

are later normalized with respect to their G-band intensities. The laser excitation 

energies, Elas,, were generated from a Kr+ 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 50x 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 El,,,, was chosen at 647nm (1.92eV) because 

this Elas,, 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 Elaser 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 lOOnm samples 



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-l(b) the difference spectra between the SEC treated SWNT samples 

and the as-grown sample. Since previous AFM characterization [I511 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 sp2-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 El,,,,. The frequencies for these observed IR modes are consistent with the ones 

reported previously [I521 (See Fig. 7-3). 

7.3.1 Lengt h-Dependent Intensity Evolution 

Most of the IFM frequencies observed are consistent with the mode frequencies re- 

ported in previous Raman studies [15,149,153], 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 inset 

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-lengt h 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 (IIFM/ID), as the average length of the nanotubes decreases from 

lOOnm to 50nm. The relative intensities are plotted as a function of inverse nanotube 

length for Eluser = 647nm (1.92eV) and Elas, = 640nm (1.93eV) (b) A comparison of 

RBM features 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. 127 



Transitions Originating from I' Point Processes 

Figure 7-2(a) shows the detailed evolution of the relative IFM intensities a t  two values 

of Elaser, 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 ElaseT 

slightly to 640nm (1.93eV) to get closer to Eii for the (7,5) SWNTs, the observed 

I I F M / I G  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 Elas,,. 

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 lOOnm 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 Elas,,, it is also possible to 

assign 760cm-' to a different combination IFM mode, as the counterpart for the 

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 



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 Ceo and C70 [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 IFM 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 lOOnm to 50nm. 

The - 1050cm-' Raman feature observed in all of the samples for all El,, values, 

has been previously identified to be a signature of an asymmetric C-0 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 El,, shown in Fig. 7-2, the relative intensity for this feature (shown 

in open stars) shows a large increase with decreasing nanotube length. 



(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 El,,. [15,149] For larger 

diameter SWNTs 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 [?, 1491, additional selection rules for the electron-phonon scattering process 

allow only the contribution of low chiral angle semiconducting nanotubes belonging 

to the class Sl (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 Eluser around the same energy region, 

as shown in Fig. 7-3. For these values of El,,,,, 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 Table 7.1. For Eluser = 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 + rn = 19) family 

(or (mod(2n + m, 3) = I ) ) ,  and the two species have similar diameter. However, the 

(7,5) SWNT is a near armchair SWNT with 0 23.2, whereas (8,3) has 6' N 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 SWNTs [15,149], large 

IFM intensities have been previously reported for higher chiral angle SWNTs in the 



case of isolated SWNTs grown on charged poly-silicon substrate [53]. It is possible 

that for SWNTs 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. 

h r t h e r  studies will be required to establish a better model to understand the large 

IFM intensities observed in these S WNTs with larger chiral angles. 

For Elas, =620nm, the (8,3) SWNTs go out of resonance while (11,O) 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,O) 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-I' 

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 Elaser. 

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 ElaseT = 640nm (and sometimes when Elaser = 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 Elaser 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) Eluser = 679nm (1.83eV), 

(b)Eluser = 640nm (1.97eV), and (c)ElaSer = 620nm (2.00eV). The values of Eluser, 

respectively, emphasize (a) (8,3) (b) (7,5), and (c) (7,5) and (1 1 , l )  semiconducting 

SWNT species. 



Table 7.1: IFM frequencies and their assignments 

Elas, in X(nm) Shift (cm-') assignment [15,152] intensity behavior 

oTO/ITA near M point 

oTO/iTA near M point 

combination IFM 

oTO 

Combination IFM Mode 

C-0 vibration 

IR and fullerenic modes 

possibly IR mode 

D-band 

IR and fullerenic modes 

IR and fullerenic modes 

increases with decreasing length 

increases with decreasing length 

increases with decreasing length 

small length dependence 

small length dependence 

increases with decreasing length 

increases with decreasing length 

increases with decreasing length 

increases with decreasing length 

increases with decreasing length 

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 El,,,, 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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Figure 7-4: (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) Nor- 

malized D-band to G-band intensity ratio, ID/ lc ,  for DNA-wrapped SWNTs of dif- 

ferent lengths plotted as a function of laser excitation energy. 



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 El,,,, 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,ID/IG, 

that is commonly plotted in materials characterization studies of disordered carbon 

systems [154-1561. 

Figure7-4 (b) shows the ID/IG ratio as a function of Elaser for samples with 

different average lengths. Within the energy range below 2eV, where the value of 

Elas,, emphasizes smaller diameter semiconducting nanotubes, the values of ID/IG 

decrease with increasing Elas,, for all of the samples. This observation is consistent 

with the general D-band behavior observed for sp2 carbon materials (154-1561. On 

the other hand, the relative D-band intensity increases with El,,,, as the values of 

El,,, become greater than 2eV. This increase in ID/IG ratio is attributed to a larger 

fraction of the tubes that come into resonance with El,,,, being metallic nanotubes. 

Our observation is consistent with previous findings that the metallic SWNTs have 

a larger D-band intensity than semiconducting SWNTs [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 Elaser that are in resonance with semiconducting SWNTs. 

Historically, the ratio of the D and G-band intensities (ID/Ic) 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- 



terials has further established an universal relation regarding the Eluser dependence 

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

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

otube length dependence of ID/Io ratio can be seen as an analog of the crystalline-size 

effect observed in nano-graphitic materials that has a EL,, dependence on the laser 

excitation energy. The linear correlation observed in our experiments suggests that 

the ID/IG ratio can be used as a qualitative indicator to estimate the length of the 

carbon nanotubes. However, the ID/IG dependence on crystalline size, La, 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 ID/Ic ratios for 

SWNT are higher than the corresponding values for nano-graphites a t  the same laser 

excitation energy. The curvature and resonance enhancement in SWNTs is proba- 

bly responsible for these larger values of ID/Ic. Additional study will be needed to 

determine if such a universal relation applies to SWNT systems. 

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-I 

for all values of El,,,, . 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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Figure 7-5: A comparison between the length dependence of the IDJIG ratio for short 

nanotubes samples, excited at multiple laser excitation energies, and the universal 

relation for the crystalline size dependence of the ID/IG 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 sp2 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. 

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 El,,,,, 

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 



between the ID/IG ratio and nanotube length indicates that the ID/Ic ratio can be 

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



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 SWNTs 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 



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 SWNTs 

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 SWNTs 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 Epump that corresponds to E:? (6,5) + 2hD and 

probing at  E:? (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 Eprobe 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 Epmbe 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 



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 underst and 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 Rarnan 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 



(63) Enriched DNA-SWNT 

Non-fractionated 

I I /J \ As-Produced SWNT 1 
14b0 ' 1500 ' 1eb0 ' l i 0 0  . 1sb0 ' isb0 ' 2000 

Raman Shift (cm") 

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 El,,,, = 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 



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 dependent on the dimension of the system. However, no systematic study 

has been carried out 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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