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ABSTRACT

The goal of this work is to make an (n,m) assignment for individual suspended single
wall carbon nanotubes (SWNTs) based on the measurements of their Raman Radial
Breathing Modes and electron transition energies Eii based on Raman spectroscopy.
The suspended SWNTs are grown on a photolithographically defined electrode pat-
tern, which is designed so that suspended SWNTs are grown at known locations with
known directions. The suspended SWNTs are then characterized by atomic force
microscopy (AFM), scanning electron microscopy (SEM), and Raman spectroscopy.
Finally, the information on the diameter distribution and the energy of the electronic
transitions of the resonant suspended SWNTs obtained from Raman spectroscopy
is compared to other published works to make (n,m) assignments of a number of
suspended SWNTs.

Thesis Supervisor: Mildred S. Dresselhaus
Title: Institute Professor of Physics and Electrical Engineering
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Chapter 1

Introduction

A single wall carbon nanotube (SWNT) is a new form of carbon, whose atomic

arrangement is equivalent to a graphite sheet rolled into a cylinder in a seamless way

[24]. The electronic band structure of a SWNT has unique properties, which are useful

for a variety of applications [4]. Because of the one dimensionality of SWNTs, there

exist singularities in the density of states, called Van Hove singularities. The band

structure is determined by the geometric configuration of the SWNT [24]. The band

gap can be varied by changing the geometric configuration to make the nanotube

either metallic or semiconducting. In the case of a semiconducting SWNT, the band

gap corresponds to the energy gap between the two Van Hove singularities in the

valence and conduction bands closest to the Fermi level.

Van Hove singularities in SWNTs have enabled the observation of various in-

teresting photophysics phenomena, two of the most important ones being Raman

spectroscopy [8] and band gap photoluminescence measurements [19, 1, 17]. Raman

spectroscopy measurements have been performed on various forms of SWNTs, in-

cluding bundled SWNTs [23], an individual SWNT on a silicon and silicon oxide

(Si/SiO 2 ) substrate [9, 7], suspended SWNTs [12], the inner wall of a double wall car-

bon nanotube (DWNT) [14], and SWNTs wrapped with various surfactants and DNA

molecules [1, 6, 3]. Band gap photoluminescence has been observed from suspended

SWNTs, SWNTs wrapped with sodium dodecyl sulfate (SDS) and DNA molecules

[17, 1, 3]. Furthermore, very narrow linewidths for the Raman radial breathing modes
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(RBM) have been observed on the inner wall of a DWNT [21] and sharply peaked,

strong band gap photoluminescence and enhanced Raman signals have been obtained

from suspended SWNTs [17, 14]. These results suggest that both suspended SWNTs

and the inner wall of a DWNT are under a highly unperturbed environment [21] and,

with selected external perturbations, are promising candidates for optical device ap-

plications [10]. For example, the inner wall of a DWNT can be perturbed by a light

resonant with its electronic transition energy.

However, it remains a challenge to assign the energy gaps (Egi) and Raman spec-

tral features to the corresponding SWNT diameter and chirality. This link is essential

for understanding the underlying physics of a SWNT, its electronic band structure

and vibrational modes, and this link is also important in practice, since Raman spec-

troscopy and photoluminescence are commonly used to characterize SWNTs. Al-

though the (n,m) index assignments, which uniquely identify one nanotube from an-

other, have been made on SWNTs wrapped with SDS, prior studies have been limited

to the RBM features of the Raman spectra. Thus far, the analysis of SDS wrapped

SWNTs has only been carried out on an ensemble of SWNTs rather than on individ-

ual SWNTs [1, 6]. Furthermore, no systematic Raman studies have been carried out

on suspended SWNTs due to various experimental difficulties, one of them being that

SWNTs tend to bundle up when they are placed too close to one another, disabling

studies to be made on 'bulk' suspended SWNTs. Thus far, the published photolu-

minescence data is limited to only a small number of (n,m) suspended SWNTs [17],

and thus the assignment of the energy gap to the diameter and chirality of suspended

SWNTs is not clear at this point.

The motivation of this thesis is to make an assignment for the Raman RBM modes

and the energy gaps of suspended SWNTs. SWNTs studied in this thesis are sus-

pended between two electrodes and the preparation methods are described in Chapter

2. The electrode pattern is designed so that suspended SWNTs are grown at known

locations with known directions, and an individual SWNT can be resolved from other

SWNTs and can be located easily. Thus, multiple characterization techniques with

different conditions can be applied to the same SWNT. In Chapter 3, the suspended
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SWNTs are characterized by atomic force microscopy (AFM), scanning electron mi-

croscopy (SEM), and Raman spectroscopy, as described. The AFM study enables the

estimation of the diameter distribution of SWNTs on a flat surface. The SEM study

reveals the density, location and alignment of SWNTs. In Chapter 4, the suspended

SWNTs are characterized by Raman spectroscopy, which gives information on the

diameter distribution and the energy gaps of the resonant suspended SWNTs, which

is necessary to make unique (n,m) assignments for the SWNTs. In Chapter 5, the

information on the diameter distribution and the energy gaps of the resonant sus-

pended SWNTs obtained from Raman spectroscopy is compared to other published

works to make an (n,m) assignment of suspended SWNTs.
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Chapter 2

Sample preparation

To be able to characterize suspended SWNTs, it is essential to prepare high quality

suspended SWNTs, i.e. defect-free, mostly suspended, reasonably long and mostly

single walled. Furthermore, knowing the directional alignment and the locations of

the suspended SWNTs and being able to address them repeatedly will enable various

interesting experiments, such as Raman spectroscopy with polarization and Raman

spectroscopy on the same suspended SWNT with different temperatures, chemical

environments and laser lines.

Previous works on preparing suspended SWNT used silicon nanopillars [12], pairs

of Pt/W metal gates supported by a Si 3 N4 film [2], and polysilicon gates with electric

field [261. The suspended SWNTs prepared on silicon nanopillars are relatively short

(500nm in length), not aligned in any single direction and not addressable as the

pattern is too small to be seen by an optical microscope (Figure 2-1 (a)) [12]. The

suspended SWNTs prepared on Pt/W metal gates are not well suited for resonant

Raman spectroscopy, because of charge transfer from the electrodes to the nanotubes.

Since the pattern is fabricated by electron-beam lithography, there is some difficulty

in preparing a sufficient number of metal gates for the number of SWNTs required for

resonant Raman spectroscopy (Figure 2-1 (b)) [2]. The suspended SWNTs grown on

the polysilicon gates are not addressable (Figure 2-1 (c)) [26], since they are grown

on parallel electrodes and there is no marker on the electrodes.

A new approach using conventional silicon technology is employed and the pattern

13



Figure 2-1: Previous works on growing suspended SWNTs, (a) on silicon nanopillars,
(b) on Pt/W electrodes patterned by electron-beam lithography, and (c) on parallel

polysilicon electrodes.
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is designed so that the suspended SWNTs are long (1-4um in length), well aligned,

and addressable.

2.1 Design and Fabrication of electrodes

The electrodes serve as both electrical contacts and as elevated structures for sus-

pending the SWNTs. The electrode pattern is designed so that suspended SWNTs

are grown at known locations with known directions. A suspended SWNT is locat-

able within lum accuracy by an optical microscope and by SEM (scanning electron

microscopy). The electrodes are fabricated using standard silicon technology: chem-

ical vapor deposition (CVD) of polysilicon films, thermal growth of SiO 2 films, and

photolithography. In contrast to electron beam lithography, a large-scale device can

be made by photolithography: about fifty thousand pairs of electrodes are fabricated

on a single 1cm by 1cm sample.

The cross section of the electrode design is shown in Figure 2-2 (a) to illustrate

how an elevated structure can support a suspended SWNT. Polysilicon electrodes are

deposited on top of a lum-thick film of SiO 2 . A trench is introduced between the

electrodes to provide both electrical isolation and a suspended structure, as explained

below. Furthermore, an electric field can be applied between the electrodes to facil-

itate growth of the suspended SWNTs growing between the electrodes [20] and to

align them [26].

The top view of the electrode design is shown in Figure 2-2 (b) to illustrate how

the location and the direction of suspended SWNTs can be controlled by the electrode

pattern. The narrow trenches are 1~4um wide, so that a high electric field on the

order of 10 6 (V/m) can be applied easily between the electrodes. The wide trenches

are 10um wide so that the electric field in the wide trench region is significantly

weaker than in the narrow trench region. A high electric field is known to enhance

the growth rate of SWNTs and to align them [20, 26]. Moreover, by controlling the

maximum length of SWNTs, one can guarantee that there is no suspended SWNT

growing across the wide trench and that all the growth occurs in the narrow trench

15



SWNT
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Vacuum I um SiO2

(a) Side View (b) Top View,

Figure 2-2: Schematic of suspended SWNTs between electrodes.

region, as shown in Figure 2-2 (b).

The actual growth of the electrode structures for subsequent use for preparing

suspended SWNTs is as follows. Conventional silicon technology is employed to

fabricate the polysilicon electrodes. A lum-thick silicon oxide film is grown on 6-inch

wafers by a wet thermal oxidation process at 1050'C. On top of the silicon oxide film,

a lum-thick polysilicon film is deposited using CVD. Then lum of photoresist film is

patterned using the Hg I-line (365nm). The trench region of the polysilicon film and

the silicon oxide film is etched by a reactive ion etch using HBr and CF 4, respectively,

and the photoresist is removed by an oxygen plasma ash method. For better signal

to noise ratio when doing Raman spectroscopy, some samples are prepared with a

deeper trench into the silicon substrate, which is etched by using SF 6.

2.2 Growth of SWNTs using CVD

The SWNTs are grown directly on the sample by methane CVD [15]. The catalyst

particles needed for catalyzing the SWNT growth are the iron nanoparticles prepared

by mixing iron (III) nitrate and sodium hydrogen carbonate in aqueous solution [11].

Samples were prepared both with and without applied electric fields between the

electrodes.

The SWNTs are grown directly from randomly deposited iron nanoparticles on the
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sample. The iron (III) oxide nanoparticles suspension is prepared by mixing 50.5mg

of iron(III) nitrate, 21mg of sodium hydrogen carbonate, and 50mL of deionized

water and stirring the mixture for 1-4hrs. To deposit the catalyst particles, the

samples are dipped in the catalyst suspension for 1~5 minutes and then thoroughly

washed with ethanol and finally blown dried with nitrogen at room temperature. The

stirring time and the dipping time were correlated with the diameter distribution and

the density of the SWNTs, respectively, which is discussed in chapter 3. After the

catalyst particle deposition, the samples are brought into a one-inch tube furnace.

First of all, the samples are heated from room temperature to 800-900 *C linearly in

30 minutes with 50cm 3 /min of Hydrogen and 100cm 3/min of Argon flow, so that the

iron oxide nanoparticles are reduced to iron nanoparticles. Then the samples are kept

at the final temperature for 5~15 minutes with 100cm 3/min of methane, 50cm3 /min

of Hydrogen, and 100cm 3 /min of Argon flow. After the growth is completed, all

the gases other than Argon are turned off and the samples are cooled down to room

temperature. Both fast and slow cooling conditions are tested: the sample cools down

slower if all the gas is turned off and the furnace is kept closed and it cools down faster

if the argon flow is kept on and the furnace is opened. However, no difference in the

sample in terms of the density, the alignment and the diameter of the SWNTs that

are grown is found between the two cooling conditions. No difference in the oxygen

adsorption between the two cooling conditions is expected since the sample is cooled

down to room temperature in Argon gas before any air gets in.
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Chapter 3

Sample characterization

The samples are characterized by AFM and by SEM. The AFM study reveals the

diameter distribution and the density of SWNTs growing on a flat surface. The SEM

study reveals the location, the density and the alignment of both SWNTs growing on

a flat surface and suspended SWNTs growing between trenches. Carbon nanotubes

ranging from diameter 0.5nm to 6nm are found by the AFM study. However, the

accuracy of the diameter measured by the AFM study is about 0.2nm and serves only

as a quick way to characterize the sample before performing the Raman spectroscopy

measurements. The diameter distribution is correlated to the stirring time of the iron

(III) oxide nanoparticle suspension. The SEM study confirms that the samples grown

with an applied field between the electrodes has well aligned tubes across the narrow

trenches and few tubes growing across the wide trenches.

3.1 AFM characterization

SWNTs growing on a silicon oxide and silicon substrate (Si/SiO2 substrate) are char-

acterized by AFM. Two types of substrates are prepared: one is prepared by growing

a thin film of SiO 2 by exposing a silicon substrate to air at room temperature, and

the other is prepared by growing a lum-thick SiO 2 film by a wet thermal oxidation

process at 1050 C. As there is no way to directly image the diameter of suspended

SWNTs in the samples that were prepared, the AFM study on SWNTs on a Si/SiO2
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Figure 3-1: A typical image of SWNTs growing on a Si/SiO2 substrate. The scale
bar on the right side indicates the height of the image. Nanotube (a) has a diameter

(dt) of 2.5±0.2nm and possibly is a small bundle of SWNTs or a DWNT. Nanotube
(b) has a diameter of 0.7±0.2nm and is a SWNT.

substrate serves as a guide for controlling the diameter of the suspended SWNTs.

AFM images give information about the approximate diameter, the length, and the

density of SWNTs in the region under inspection. The length and the density of

SWNTs, however, can be obtained more easily from the SEM study. Thus, the AFM

study was focused on the diameter distribution of SWNTs and on establishing any

dependence there might be on the growth conditions. Figure 3-1 shows a typical

AFM image of two SWNTs growing on a Si/SiO 2 substrate. By comparing the scale

bar and the image of SWNTs, the diameter of the SWNTs can be determined within

about 0.2nm accuracy. AFM images taken from both the native oxide film and lum-

thick oxide film grown by a wet thermal oxidation process at 1050'C are examined

and no difference is found in terms of the diameter and the length of the SWNTs.

The only growth condition that is found to have any significant correlation with

the diameter distribution of SWNTs is the stirring time. As the stirring time of the

20



catalyst suspension increases, the size of iron (III) oxide nanoparticle precipitating

in the suspension is expected to increase. Moreover, the diameter of SWNTs is

positively correlated to the size of the catalyst particles [18]. Figure 3-2 demonstrates

this expected diameter dependency of SWNTs on the stirring time of the catalyst.

Three samples were prepared by growing SWNTs on a Si/SiO 2 substrate at 9000 C

with stirring times of 1.5hrs, 3hrs, and 4hrs, respectively. The dipping time was fixed

at 5 minutes. About ten to twenty SWNTs are characterized from each sample and

the diameter distribution for each sample is plotted in Figure 3-2. As the diameter

distribution does not follow a simple distribution, the mean diameter and the standard

error in the mean are calculated and shown for each sample. SWNTs with diameters

down to 0.4nm is observed. However, SWNTs with such a small diameter are hard to

make and possibly unstable, and the accuracy of the diameter measured by the AFM

measurements is about 0.2nm. In Figure 3-3, the mean diameter is plotted with the

standard deviation of the diameter distribution (large error bar) and the standard

error in the mean diameter (small error bar). The positive correlation between the

stirring time and the mean diameter is clearly seen in both plots. The typical diameter

of SWNTs on a sample prepared with the stirring time of 48hrs was about 5nm.

SWNTs grown at 800 C were not examined carefully by AFM measurements.

However, Raman spectroscopy measurements in Chapter 4 show that a sample pre-

pared at a growth temperature of 800 C and with a stirring time of 4hrs has SWNTs

with diameters ranging from 0.9nm to 1.7nm. A more systematic study on the depen-

dence of the diameter of SWNTs on the growth temperature would be an interesting

topic for future work.

3.2 SEM characterization

SEM is a convenient tool to characterize the density, the length and the alignment of

SWNTs. It is also powerful in locating suspended SWNTs as the imaging can be done

at an oblique angle. Thus, the SEM study focuses on characterizing the dependence

of the density, the location and the alignment of suspended SWNTs on the growth
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Figure 3-2: The diameter distribution (obtained by AFM measurements) of SWNTs
growing on a Si/SiO2 substrate varying the stirring time of the catalyst suspension.
The mean diameter and the standard error in the mean, which is obtained from
dividing the standard deviation by the square root of the number of data points, are
shown for each sample. The accuracy of the diameter is about 0.2nm.
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Figure 3-3: The diameter distribution of SWNTs growing on a Si/SiO2 substrate
versus the stirring time of the catalyst suspension. The mean diameters are shown as
dots, the number normalized standard deviations are shown as the small error bars,
and the standard deviations of the diameter distribution are shown as the large error
bars.
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conditions. SEM images show that the dipping time of the sample in the catalyst

suspension is relevant to the density of the suspended SWNTs. An applied electric

field between the electrodes aligns the suspended SWNTs between the electrodes and,

when combined with selected growth conditions, such as low temperature and small

dipping time, increases the selectivity of suspended SWNT growth to the narrow

trench regions.

Figure 3-4 (a) is an SEM image of SWNTs grown in the 2um narrow trench regions

without an applied electric field and is taken at about 30,000 times magnification.

The sample was prepared under the following growth conditions: the stirring time

was 4 hours, the dipping time was 5 minutes, and the growth temperature was 900'C.

Figure 3-4 (b) is an SEM image of SWNTs grown in the 4um narrow trench region

and the 10um wide trench region of the same sample with an applied potential of

1.5V and is taken at 9,000 times magnification. At 9,000 times magnification, which

is the highest magnification that is needed to image the wide trench region, not all

the SWNTs can be seen in the image and it is hard to resolve SWNTs that are as

close together as in Figure 3-4 (a). However, close inspection shows that most of the

suspended SWNTs are in the narrow trench region, regardless of the applied electric

field and the size of the trench, except for a few SWNTs connecting the spikes and

the walls of the same electrode.

The position of electrodes in the narrow trench region allows the suspended

SWNTs to grow only between the spikes of the electrodes. However, without an

applied electric field, SWNTs connect the two electrodes rather arbitrarily: some

SWNTs connect the electrodes diagonally and some SWNTs are curved as shown in

Figure 3-4 (a). With an applied electric field, the SWNTs are straight and are well

aligned, as shown in Figure 3-4 (b).

About 5 to 10 tubes are found in the 2um narrow trench region and bundles

of a few SWNTs can be found easily. To reduce the number of bundled SWNTs,

the density of the SWNTs was lowered by decreasing the dipping time to 1 minute.

Furthermore, to eliminate the SWNTs connecting the spikes and the walls of the same

electrode, a lower growth temperature of 800'C was used. Figure 3-4 (c) shows the
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SWNTs growing in the 2um narrow trench region of the sample prepared under the

following conditions: the stirring time was 4 hours, the dipping time was 1 minute,

and the growth temperature was 800'C. There are significantly fewer SWNTs growing

between the electrodes and most of the SWNTs are straight. A few bundled SWNTs

are found, but the fraction of bundled SWNTs in this sample is smaller than in the

sample shown in Figure 3-4 (a). A close inspection shows that there are virtually no

SWNTs growing except in the narrow trench region.

Compared to previous works on growing suspended SWNTs as shown in Figure

2-1, the work in Chapter 2 and 3 shows that the following has been done. First, a

large-scale device with enough suspended SWNTs for resonance Raman spectroscopy

is made. Second, the suspended SWNTs growing on the device are well aligned and

addressable. Third, the suspended SWNTs grow only at selected locations, that is,

in the narrow trench regions. Finally, the approximate tube diameter distribution is

known and the diameters are small enough for Raman spectroscopy.
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(a)

(c)

Figure 3-4: SEM images of suspended SWNTs grown under varying conditions and

taken with an acceleration potential of 3kV. (a) SWNTs growing in the 2um narrow

trench region of a sample prepared with the stirring time of 4 hours, the dipping

time of 5 minutes, and the growth temperature of 900'C. No electric field was applied

between the electrodes. (b) SWNTs growing in the 4um trench region of the same

sample as in (a), but with 1.5V potential applied between the electrodes. (c) SWNTs

growing in the 2um narrow trench region of a sample prepared with the stirring time

of 4 hours, the dipping time of 1 minute, the growth temperature of 800 C, and with

1.5V potential applied between the electrodes.

26



Chapter 4

Raman spectroscopy

Raman spectroscopy measurements have been performed on suspended SWNTs at

room temperature using Hololab 5000R Modular Research Raman Spectrometer with

Microprobe by laser lines of Ease, = 1.58eV and 2.41eV. Trapezoidal and triangular

lineshapes for the RBM bands are observed, which indicates that the linewidths of

the RBM bands are comparable to or smaller than the instrumental resolution. The

RBM band intensities obtained from suspended SWNTs are enhanced compared to

the RBM bands obtained from SWNTs on a silicon oxide surface. The temperature

of the suspended SWNTs did not increase even when taken with the highest available

power laser of 20mw focused on them. A normalized anti-Stokes to Stokes intensity

ratio down to 0.1 is observed, which suggests that the resonance window is narrow.

Figure 1 shows a typical Raman spectrum taken from a suspended SWNT with

Elaser = 2.41eV. The signals from most bands are very strong compared to the silicon

feature at 303cm 1 , except for the D-band, which is highly suppressed due to the lack

of interaction between the suspended SWNT and the environment. All the Raman

features such as the RBM band, the G-band, the G'-band, and the D'-band contain

useful information, such as their dependence on the diameter and the environment of

the SWNT and its interaction with neighboring SWNTs. However, this work focuses

on the RBM band, since it gives the most reliable information on the diameter and

the Eii of the SWNT.

Figure 4-2 shows the anti-Stokes and Stokes RBM bands of the Raman spectra
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Figure 4-1: (a) The RBM band, (b) the D-band*, the G-and, and (c) the G'-band
and the U-band of the Raman spectrum of a suspended SWNT taken with Elase, =
2.41eV. * The D-band is highly suppressed and does not show up at Raman shifts in
the range 1300~1350cm- 1 .
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taken from a suspended SWNT in a single scan with Easer = 1.58eV. The peaks at

-270cm- 1 and 270cm 1 represent the anti-Stokes and the Stokes part of the RBM

bands, respectively. The peaks at -303cm 1 and 303cm 1 are the Raman features of

the silicon oxide substrate. Since the peakshapes are significantly different from the

Lorentzian lineshape, the lineshapes are analyzed by deconvolving with the instru-

ment function, which is a Gaussian or a triangular function. However, because the

resolution of the spectrometer, which is about 1.5cm- 1 , is comparable to the width

of instrument function, which is about 1.5cm- 1 , using a Gaussian or a triangular

instrument function gave essentially the same numerical result for the peak frequency

and the full width half magnitude (FWHM) linewidth. In fact, deconvolving the peak

by a Gaussian function and fitting it to a Lorentzian function is equivalent to fitting

it to the convolution of Gaussian and the Lorentzian functions. However, the second

method is numerically more stable because deconvolving by a Gaussian function tends

to amplify the noise in the spectrum and does not require any sort of noise filtering.

Thus, the peaks are fitted to the Voigt function f(w), which is the convolution of a

Gaussian and a Lorentzian function:

Ct exp(-t 2  dt
- -7r'+( t2f() A (4.1)

oo ex+(t2 dt

where A is the amplitude of the peak, o is the Gaussian linewidth (standard devi-

ation), I' is the Lorentzian linewidth (half width half maximum intensity), and wo is

the center frequency. The linewidths for Gaussian and the Lorentzian components are

shown in the plot. The linewidths for the anti-Stokes sides are not shown because the

linewidths determination usually are not reliable due to the smaller signal strength

of the anti-Stokes side compared with the signal strength of the Stokes side.

Figure 4-3 demonstrates an example of a low anti-Stokes to Stokes intensity ratio

(IAs/Is) of the RBM bands. To get the temperature of the suspended SWNTs under

the laser illumination, the IAs/Is ratio was measured on a suspended SWNT by

varying the laser power from 5mw to 20mw. The ratio remained constant at all laser
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Figure 4-2: The anti-Stokes and Stokes RBM bands of the Raman spectra taken from
a suspended SWNT simultaneously with E,,,, = 1.58eV, demonstrating a narrow

linewidth.
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powers, which indicates that the temperature of the suspended SWNT remains at

room temperature. Thus, the anti-Stokes intensity is normalized by the Boltzmann

factor at 300K, which is used to calculate the temperature-normalized anti-Stokes to

Stokes intensity ratio (normalized IAs/Is). The normalized IAs/Is of the suspended

SWNT shown in Figure 4-3 is 0.09. Such a low ratio indicates that the resonance

window is narrow [6] and that the corresponding Eii is close to the laser energy (Elaser)

minus the phonon energy (Eph), which is 1.55eV.

Figure 4-4 shows the Raman spectra taken from SWNTs on a Si/Si0 2 substrate [9].

Compared to the RBM bands of the Raman spectra taken from SWNTs on a silicon

oxide substrate, the RBM bands taken from suspended SWNTs exhibit narrower

linewidths and stronger signals. Before the deconvolution of the RBM bands with

the instrumental function, RBM linewidths (FWHM) down to 3cm- 1 are observed

from suspended SWNTs, while RBM linewidths down to 5cm- 1 are observed from

the SWNTs on a silicon oxide substrate [5]. After the deconvolution of the RBM

bands with the instrumental function, a RBM linewidth down to 2cm- 1 is obtained

from suspended SWNTs and an RBM linewidth down to 3cm 1 is observed from the

SWNTs on a silicon oxide substrate [5], .

Table 4-1 summarizes the RBM frequencies (WRBM) and the normalized IAs / Is

intensity ratio obtained from suspended SWNTs on high-density samples, as shown

in Figure 3-4 (a) and low-density samples as shown in Figure 3-4 (b). Suspended

SWNTs from high-density samples have a higher probability of being bundled or

being resonant with non-Ei transitions, such as E 12 , than suspended SWNTs from

low-density samples, since the SWNTs are not well aligned and closer to each other.

As the resonance window is not known for suspended SWNTs, Eii values can only be

estimated as follows. If the normalized IAS / Is intensity ratio is small or large, Ei

is approximately equal to the Eise, - Eph or Easer + Eph, respectively. Errors in E

are due to the assumption that the resonance window of suspended SWNT is smaller

than the resonance window of SWNTs on a silicon oxide substrate, which is 8meV.

Figure 4-5 shows IAs and Is of SWNTs on a silicon oxide substrate, which can be

used to calculate the normalized IAs / Is intensity ratio as a function of Elase, and
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Figure 4-3: The anti-Stokes and Stokes RBM bands of the Raman spectrum taken

simultaneously from a suspended SWNT using EWidth = 1.58eV, demonstrating the

ability to obtain data with a low anti-Stokes to Stokes intensity ratio.
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Figure 4-4: Raman spectra from three different spots on the

Elaser=1.58eV, showing only one resonant nanotube and one RBM
Si substrate with
frequency for each

of 3 spots. The RBM frequencies (widths) and (n,m) assignment for each resonant
SWNT are displayed. Figure taken from [9].
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Energy

Figure 4-5: The anti-Stokes and Stokes intensity of the RBM band of SWNTs on a

Si/Si0 2 substrate as a function of Ease, (the vertical line) and Eii. The resonance
window Is = 8meV. Figure taken from [7].

Eii [7]. By comparing the calculated 'AS / Is to the experimental IAS / Is, the range

of possible Eii can be obtained. However, as the resonance window is not known for

suspended SWNTs, this range of Eii is used to estimate the error.
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Table 4.1: RBM and estimated Eii values based on the anti-Stokes and Stokes in-
tensity ratios obtained from suspended SWNTs. The error for WRBM is ±0.5cm-1

and the error for normalized IAS / Is is ±20%.

Sample Densitya wRBM(cm-') Normalized IAS / Is Easer(eV) Eg2(eV)
High 174 1.6 2.41 >2.41
High 176 0.77 2.41 <2.41
High 177 1.9 2.41 2.43±0.03
High 180 1.7 2.41 >2.41
High 186 0.90 2.41 <2.41
High 195 2.4 2.41 2.43±0.02
High 221 1.2 2.41 >2.41
High 270 2.1 2.41 2.44±0.02
'High 205 1.3 1.58 >1.58
High 208 3.5 1.58 1.61±0.02
High 210 0.93 1.58 <1.58
High 217 0.20 1.58 1.55±0.01
High 224 0.45 1.58 1.55±0.02
High 227 0.33 1.58 1.55±0.01
High 237 0.28 1.58 1.55±0.01
High 249 0.30 1.58 1.55±0.01
High 253 0.41 1.58 1.55±0.01
High 267 0.22 1.58 1.54±0.01
High 268 3.3 1.58 1.61±0.02
Low 206 0.52 1.58 1.55±0.02
Low 216 0.42 1.58 1.55±0.01
Low 226 0.35 1.58 1.55±0.01
Low 238 0.092 b 1.58 1.55±0.01
Low 267 4.0 1.58 1.61±0.02

aSEM images of high-density samples are shown
density samples are shown in Figure 3-4 (c)

bObservation of an IAS/IS ratio as low as 0.092
8meV.

in Figure 3-4 (a) and SEM images of low-

is not possible with a resonance window of
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Chapter 5

Discussion

The normalized anti-Stokes and Stokes intensity ratio IAs/Is of the Radial Breathing

Mode feature of the Raman spectra is used to estimate the electronic transition

energies (Egi) in the electronic bands of SWNTs. The RBM frequency of the Raman

spectra provides good estimates for the diameter of the SWNT. These estimates

have been used to make the (n,m) assignment of SWNTs on a Si/Si0 2 substrate [7]

and SDS-wrapped SWNTs [6]. The RBM frequencies of the inner walls of DWNTs

are used to make (n,m) assignments for these SWNTs [21]. The photoluminescence

data from SDS-wrapped SWNTs [1] and suspended SWNTs on silicon pillars [17]

also give valuable information about the Eii values and are also used to make (n,m)

assignments. In this chapter, side-by-side comparisons are made between the Raman

data of suspended SWNTs and other published data, as mentioned above.

The WRBM and estimated Eii measured in this thesis on suspended SWNTs are

plotted in Figure 5-1 along with a Kataura plot based on tight-binding model [13].

The WRBM of the tight-binding model is calculated by WRBM(Cm-') = 248/dt, where

dt is the diameter of the SWNT in nm, and -yo = 2.9eV [25]. The data points from

suspended SWNTs clearly fall in one of the Eii bands. However, the spread in WRBM

from suspended SWNTs in the Ef2 band appear to be a lot greater than what the

tight-binding model predicts, possibly due to the small diameter of the SWNTs and

the inaccuracies in their model in the limit of small diameter SWNTs [7].

The WRBM and estimated Eii measured in this thesis on suspended SWNTs are
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Figure 5-1: The WRBM and estimated E obtained experimentally for suspended

SWNTs are plotted against the tight-binding model predictions.

plotted in Figure 5-2 along with a Kataura plot based on the symmetry-adapted

non-orthogonal tight-binding model using 2s and 2p electrons of carbon [22]. The

WRBM of the non-orthogonal tight-binding model is calculated by WRBM(Cm-) --

248/dt(nm). The spread in WRBM from suspended SWNTs at a given laser line is more

consistent with the non-orthogonal tight-binding model predictions than the tight-

binding model predictions, but the center of the WRBM distribution at a given laser line

is in poor agreement with the non-orthogonal tight-binding model predictions. This

might suggest that the non-orthogonal tight-binding model has over-optimized the

parameters and a more accurate model should take an approach somewhere between

that taken by the tight binding model and the non-orthogonal tight-binding model.

In Figure 5-3, the W0 RBM and the estimated Eii obtained experimentally from

suspended SWNTs are compared to the WRBM measured from the inner walls of

DWNTs using many laser lines [21]. The open squares are the WRBM measured from

the inner walls of DWNTs at a given Elaser. The dark squares represent the strongest
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Figure 5-2: The WRBM and estimated E p obtained experimentally for suspended

SWNTs are plotted against the non-orthogonal tight-binding model predictions.

and the next strongest peak in the spectrum taken at a given Eiaser,. Only LJRBM

values corresponding to RBM peaks with intensities greater than about 30% of the

intensity of the second strongest peak in each spectrum are plotted. The dotted lines

denote the apoitetop and bottom envelopes and the center line of the ES

band. The bottom envelope is not as apparent as the top envelope.

Unfortunately, the laser lines used for the inner walls of DWNTs do not match

the laser lines used for the suspended SWNTs. However, a trend can be clearly seen:

the WRBM and estimated ES measured from suspended SWNTs span the envelope

of the ES band measured from the inner walls of DWNTs. Moreover, the suspended

SWNT with WRBM = 267cm-1 and Eii = 1.61eV can be correlated with the inner

wall of a DWNT with WLRBI = 267cm- 1 , Eii = 1.60eV, and (n,m) = (11,1) or with

the inner wall of a DWNT with WRBM = 269cm-1, Eii = 1.60eV, and (n,m) = (9,4).

The (n,m) assignment of the inner walls of DWNTs is made based on WRBM(Cm- 1 )

= 248/dt(nm) [21].
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Figure 5-3: The WRBM and estimated E i values obtained experimentally for sus-

pended SWNTs are compared to the WRBM measured from the inner walls of DWNTs

using many laser lines. Thick black squares indicate the strongest and the next

strongest peaks in the spectrum taken at a given Elaser.
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Table 5.1: A possible assignment of the suspended SWNTs based on the SDS-
wrapped SWNT data.

Suspended SWNT SDS-wrapped SWNT (nm)
WRBM E2(eV) WRBM Ei(eV)
206 1.55±0.02 203 1.53 (9,8)
216 1.55±0.01 216 1.57 (9,7)
226 1.55±0.01 225 1.58 (10,5)
238 1.55±0.01a 237 1.55 (12,1)

aThe normalized IAS/IS is 0.092 and indicates that E2 is very close to 1.55eV. See
Figure 4-5.

In Figure 5-4, the WRBM and the estimated Eii experimentally observed from

suspended SWNTs are plotted with the experimental WRBM and Eii obtained from

SDS-wrapped SWNTs [6]. The short dashed lines connecting a few points indicate the

identified (2n+m) families for semiconducting SWNTs and the family numbers are

shown. The long dashed lines are the envelope of the E2 band of the SDS-wrapped

SWNTs. Again, the WRBM and estimated Eii from suspended SWNTs follow the

trend from SDS-wrapped tubes well. Especially, the data points from suspended

SWNTs from the low-density samples are very close to some of the data points from

the SDS-wrapped SWNTs. Some of the data points from suspended SWNTs on

the high-density samples deviate from the identified Eii bands of the SDS-wrapped

SWNTs. This suggests that some SWNTs on the high-density samples are resonant

with non-Ein transitions. Furthermore, it is difficult to correlate the EM and ES

points from the high-density sample with points from the SDS-wrapped SWNTs.

This suggests that WRBM and Eis values might shift due to the bundling of suspended

SWNTs and/or wrapping SWNTs with SDS.

Table 5-1 shows a possible (n,m) assignment of suspended SWNTs based on the

(n,m) assignment of SDS-wrapped SWNTs. Only the data points from the low-

density samples are considered, since the suspended SWNTs from the high-density

samples have a greater probability of being bundled or being resonant with non-Ein

transitions. In general, good agreement in WRBM can be found, whereas the E2 values

of suspended SWNTs, in general, appear to be lower by OmeV to 30meV.
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Figure 5-5: A comparison between the WRBM and estimated Eii values for suspended

SWNTs and for SWNTs on silicon oxide substrate.

In Figure 5-5, the WRBM and estimated Eii values obtained experimentally for

suspended SWNTs are plotted in comparison to the corresponding WRBM and Eii

values from the anti-Stokes to Stokes intensity ratio analysis carried out for SWNTs

on a Si/Si0 2 surface [7]. Although the center of the WRBM distribution at a given

Eii seems to agree, the spread in the WRBM distribution at a given Eii is significantly

different. Thus, a complete set of data points from SWNTs on a Si/Si0 2 surface

and/or suspended SWNTs would be required to make one to one assignments.

In Table 5-2, a comparison of the E values of the suspended SWNTs is made

with the E values obtained from the photoluminescence from the suspended SWNTs

on silicon pillars [16]. Although, no reliable assignment can be made, even though the

E 2 values from both works are obtained from suspended SWNTs, the best assignment

is made by giving more weight to the WRBM values. Since there are not enough points

from each work, it might not be feasible to make a reliable one-to-one assignment

at present. As shown in Figure 4-5, Raman spectroscopy is expected to discover few
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Table 5.2: The E2 values obtained from Raman spectroscopy and photolumi-
nescence on suspended SWNTs.

Photoluminescence Raman (nm)a

WRBMb E2(eV) WRBM ES(eV)
196 1.566 - - (12,5)
201 1.640 - - (13,3)
203 1.550 206 1.55±0.02 (9,8)
213 1.651 - - (10,6)
215 1.588 216 1.55±0.01 (9,7)
225 1.601 226 1.55±0.01 (10,5)
231 1.593 - - (11,3)
234 - 238 1.55±0.01 (12,1)

'Taken from [16].
bWRBM is calculated by the following formula: WRBM(Cm-1) = 225.5/dt(nm) + 12.5 [1].

SWNTs with Etj > Eiaser. This could be the reason why the E2 values from Raman

spectroscopy cannot match E2 values greater than 1.58eV from photoluminescence.

Good agreement in the trend in the WRBM and Eii values obtained experimentally

from suspended SWNTs and that obtained experimentally from the inner walls of

DWNTs and SDS-wrapped SWNTs was found, and some preliminary (n,m) assign-

ments of suspended SWNTs could be made, based upon the (n,m) assignments of the

inner walls of DWNTs and SDS-wrapped SWNTs. However, this work is limited in

the following way. First, the available laser lines are limited and, thus, the suspended

SWNT data are not complete and the Eii values are only estimates. Second, the num-

ber of data points obtained from the low-density samples is very limited and there is

no guarantee that these are actually from individual suspended SWNTs rather than

from bundles of a small number of SWNTs.

In future work, Raman spectroscopy with a tunable laser would be desirable. Such

experiments would enable the precise measurement of the Eii values and would allow

us to perform resonance Raman spectroscopy with a greater number of (n,m) species

of suspended SWNTs. Furthermore the resonance window would tell us whether

the SWNTs under inspection are bundled or are individual suspended SWNTs. The

challenges would be the lower efficiency and the high cost of tunable Raman systems.
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However, the greatly enhanced Raman signal from suspended SWNTs might allow

resonance Raman spectroscopy to be carried out in a much more quantitative way

with such tunable Raman systems.
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