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Abstract
The study of the optical properties of single-walled carbon 
nanotubes (SWCNTs) and carbon nanobuds by means of optical 
spectroscopy and electron microscopy is presented in this 
letter.A novel analysis method that is based on optical absorption 
spectroscopy was developed in order to meet the challenge of 
accurately and efficiently evaluating the diameter distribution 
in any bulk SWCNT sample. Properties of SWCNTs that were 
synthesized both in lab-scale and semi-industrial scale aerosol 
reactors were investigated in detail by using the proposed method. 
The results show that the diameter of SWCNTs can be easily 
altered over a broad range from 1.1 to 1.9 nm in the same reactor 
by varying the growth conditions. This can introduce a new method 
to control the diameter in the synthesis of SWCNTs. The further 
application that of SWCNTs with optimized properties deposited 
as thin films on a saturable absorber was also demonstrated in 
this work.
The other important work  involves the optical properties of carbon 
nanobuds. Focusing on a freestanding individual nanobud, as 
opposed to bulk samples of nanobuds, allowed us for the first 
time to observe the Raman features of a nanobud with Raman 
spectroscopy. 
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Abbreviations 
SWCNT single-walled carbon nanotube
SEM scanning electron microscope
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SAM saturable absorber mirror

I. Introduction
Carbon nanotubes (CNTs), and especially single-walled carbon 
nanotubes (SWCNTs), has became a topic of great interest due 
to several unique properties and its electronic, optical, thermal 
and mechanical properties that make them useful for various 
applications.The most common synthesis methods are laser 
desorption,arc-discharge and chemical vapour deposition (CVD). 
The advantage of these methods is the high crystallinity of the 
resultant CNT sample. However, these methods require a large 
energy input to evaporate graphite, and therefore it is difficult to 
control the growth conditions. In addition, the final products consist 
of a complex mixture of carbonaceous materials and catalysts, 
making purification a necessary process step . The CVD method 
on the other hand has been found to be efficient and selective for 
the growth of either SWCNTs or multiwalled carbon nanotubes. 
The aerosol (floating catalyst CVD) synthesis method in particular 
has potential as regards large scale SWCNT production, since it is 
a continuous process that involves both catalyst particle formation 
and SWCNT growth. The SWCNT samples studied in this paper 
were synthesized by using the aerosol method.

The diameter as well as chiral angle of a SWCNT can fully determine 
whether the nanotube is either metallic or semiconducting with 
varying band gaps. It is thus crucial to be able to produce SWCNTs 

with selective properties, in order to fit the requirements called for 
in specific applications. Although scientists have been in pursuit of 
the controlled synthesis of SWCNTs with only a single diameter 
and chiral angle for more than two decades, it is still not possible 
to grow or sort a specific single nanotube structure. All production 
and sorting procedures end up with a mixture of SWCNTs with 
different diameters and chiral angles. For practical applications, 
the first step to improved selectivity during the SWCNT production 
process involves information feedback coming from a reliable 
characterization of the mean diameter and the diameter distribution 
in the raw SWCNT material that has been produced.

Firstly, a novel method for effective assignment of diameter 
distributions of a bulk SWCNT sample was successfully 
developed, using the optical absorption spectrum (OAS) of the 
sample. Compared with 1 the canonical approach, this method can 
be used as a versatile tool to analyze absorption spectra, regardless 
of the form or overlap of the absorption bands. Furthermore, by 
the means of optical measurements in combination with electron 
microscopy, the properties of SWCNTs and related growth 
mechanisms were investigated in detail as functions of various 
parameters in two different aerosol reactors. The mean diameter of 
SWCNTs can be easily controlled (between 1.1-1.9 nm) by altering 
the synthesis conditions in the same reactor. This selective growth 
of SWCNTs with a wide range of diameter modulation provides 
an opportunity to tune the electronic structure of SWCNTs to suit 
specific applications. For example, the sub-picosecond operations 
of mode-locked fiber lasers at ~1.56 μm and ~2 μm have shown 
improvements in their performance after the optimization of 
SWCNT properties.
The other important work in this paper consists of a local study 
on an individual nanobud in which the fullerenes are covalently 
bonded to the outer surface of the SWCNT. The atomic structure 
of the same nanobud was studied independently using high-
resolution transmission electron microscopy (HRTEM) and 
electron diffraction (ED).

Carbon Nanotubes - Structure and Optical Properties
Carbon nanotubes are long hollow cylindrical nanostructures 
comprised solely of carbon atoms. Most of the fascination with this 
material, and many of its unique properties, stems from its unusual 
structure and aspect ratio. The cylinder is made up of a single layer 
of sp2-bonded carbon, with a diameter of a few nanometers, and 
a typical length of several micrometers. Both single-walled and 
multiwalled forms of this material exist, but the physical properties 
of SWCNTs have proved to be much more interesting.They can 
be considered as quasi one-dimensional (1D) systems, and exhibit 
unusual electrical and mechanical properties.



IJECT Vol. 6, IssuE 4, oCT - DEC 2015  ISSN : 2230-7109 (Online)  |  ISSN : 2230-9543 (Print)

w w w . i j e c t . o r g 46   InternatIonal Journal of electronIcs & communIcatIon technology

Geometry of SWCNTs

Fig. 1: The Unrolled Honeycomb Lattice of a Nanotube

The OA and OB define the chiral vector Ch and the translation 
vector T of the nanotube, respectively. The figure corresponds to 
a chiral vector Ch = (4, 2) SWCNT. The chiral angle is indicated 
by θ.

A SWCNT is constructed by rolling a two dimensional (2D) 
graphene sheet into a narrow cylinder (graphite is a layered 3D 
material, and a single layer of graphite is called 2D graphite, or a 
graphene layer). In Fig.1, the unrolled honeycomb lattice of the 
nanotube is shown, in which OB  is the direction of the nanotube 
axis, and the direction of OA corresponds to the equator [9]. By 
rolling the honeycomb sheet so that points O and A coincide,a 
carbon nanotube can be constructed. The chiral vector Ch   fully 
determines the geometry of a SWCNT, and is expressed in terms 
of the real space unit vectors a1 and 2 of the hexagonal lattice.
Ch= na1+ ma2 (n>=m) n and m are positive integers

Electronic Structure of SWCNTs
The electronic structure of SWCNTs is derived via a simple tight-
binding (TB) calculation for the π-electrons of carbon atoms, 
which are the mostimportant electrons for determining the solid-
state properties of the material. Since many physical properties 
of SWCNTs are very similar to those of other carbon systems, 
particularly graphite/grapheme, it is often convenient to begin with 
the well-known properties of graphite, and then consider them in 
the 1D geometry of a SWCNT. The energy dispersion
relations for 2D graphite are shown in Fig. 2.

Fig. 2: The energy dispersion relations for 2D graphite are shown 
throughout the whole region of the Brillouin zone. The labels 
indicate the high symmetry points. The right figure shows the 
energy dispersion along the high symmetry directions of the 
triangle MK shown in Fig. 2.

Optical Properties of SWCNTs 
In general, the optical properties of carbon nanotubes refer 
specifically to absorption, photoluminescence, and Raman 
scattering. Since the electronic structure depends on the chirality 
of a given nanotube, experimental optical probes of the electronic 
structure can reveal much information about the diameter, chirality, 
and metallic or semiconducting nature of a SWCNT sample. In the 
following sections, two important optical spectroscopic techniques 
that are used to characterize SWCNTs are introduced.

Optical Absorption Spectroscopy
Optical absorption spectroscopy (OAS) measures the absorption 
of electromagnetic radiation. The absorption is a function of the 
frequency (or wavelength), due to the interaction of light with a 
sample. When light propagates through an absorbing medium, its 
intensity decreases exponentially according to the Beer-Lambert 
law
I(L) = I0e

-αLc

where I0 is the intensity of the incident light,α is the absorption 
coefficient, L is the optical path length, and c  is the concentration 
of an absorbing species in the material. This is illustrated in Fig. 
3
By measuring the transmitted intensity relative to the incident 
intensity, the absorbance (for a given wavelength λ) is given by 
the following expression.
A= - ln (I/I0)

Fig. 3: Illustration of Beer-Lambert absorption in a material with 
absorption coefficient and concentration of absorbing species c. 
The optical path length is L, and I and I0 are the incident and 
transmitted intensities, respectively.

Resonant Raman Spectroscopy
Raman scattering refers to the inelastic scattering of a photon 
off of a molecule. Most scattering events are elastic (Rayleigh) 
processes. However,a small fraction of incident photons can be 
inelastically scattered, by exchanging energy with the molecule as 
a result of interacting with optical phonons. There are two types 
of Raman scattering, known as Stokes scattering and anti-Stokes 
scattering. In both cases, the scattering process is described by 
three steps consisting of (i) an absorption of the incident photon 
(hυ) into an electronic excitation of the molecule, (ii) the generation 
or absorption of a phonon (hω), and (iii) the emission of a photon 
(hυ+ hω) (see Fig.4)
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Fig. 4: Energy level diagrams for (a) Stokes and (b) anti-Stokes 
Raman scattering processes. The incident photon energy is denoted 
by  hυ, and by generating or absorbing a phonon with energy 
hω , the (a) Stokes or (b) anti-Stokes scattered photon energy is 
(hυ+ hω)

The probability for the Raman scattering process is very low 
(approximately 1 in 107 incident photons), because it involves an 
excitation to a virtual level that is only allowed for a very short 
time, in the context of the uncertainty principle. The probability is 
strongly increased, typically by a factor of 102-104, if the transition 
energy for either the absorbed or the emitted photon coincides 
with an electronic transition energy of the molecule. Observation 
of this process is called resonant Raman spectroscopy. In the case 
of SWCNTs, the cross section for a resonant Raman process is so 
large that it is even possible to analyze the vibrational modes of an 
individual SWCNT. Furthermore, the Raman signals detected for 
different excitation energies can be used to identify SWCNTs with 
different chiralities at resonance. This makes Raman spectroscopy 
one of the most important optical techniques for characterizing 
SWCNTs.

Characterizations 

Electron Microscopy 
Transmission electron microscopy (TEM) and scanning tunneling 
microscopy (STM) were employed for the characterization of 
sample structure and morphology. A scanning electron microscope 
(SEM) was used to measure the bundle length of SWCNTs.

Optical Absorption Spectroscopy
To measure the absorption spectra of the SWCNT thin films, the 
sample was transferred via a dry transfer technique from filter to 
an optically transparent substrate, comprised of a 1 mm thickness 
quartz window (material: HQS300, Heraeus). The absorption 
spectra were recorded by a double-beam Perkin-Elmer Lambda 
950 UV-Vis-NIR spectrometer. It is equipped with two excitation 
sources (a deuterium lamp and a halogen lamp).

Raman Spectroscopy
The samples of SWCNTs which were deposited on filters or 
TEM grids were analyzed by Raman spectroscopy by using four 
different laser excitations in three Raman spectrometers equipped 
with cooled CCD detectors, namely a Wintech alpha300 Raman 
spectrometer. Once a SWCNT was found to be in resonance with 
the laser energy, the full Raman spectra were recorded.

Carbon Nanobud
A carbon nanobud is a hybrid material which is the combination 
of SWCNTs fullerenes and into a single structure in which the 
fullerenes are covalently bonded to the outer surface of the 
SWCNTs . The fullerenes on the surface of the SWCNTs are 
reminiscent of buds on a branch and thus called carbon nanobuds 
(as shown in the HRTEM image Fig). Because ofthe high intensity 
of Raman modes arising from the SWCNTs, the Raman-active 
modes due to the fullerenes are very difficult to detect in the 
combined structure. Therefore, in this work  I  have  conducted 
a local study of a nanobud by using a combination of Raman 
spectroscopy and TEM.

Fig. 5: (a) Optical microscope and (b) low-magnification TEM 
images of the same hole in a TEM grid square. (c) An intermediate-
magnification TEM image of the hole bridged by nanobuds. (d) 
A high-resolution TEM image of an individual SWCNT covered 
by fullerenes. Raman map of (e) G band (1562-1613 cm-1) and 
(f) RBM (125-143 cm-1) region on the area of 1 0.8 μm (framed 
in (c)).

Fig. 6: Topographic STM image of nanobud. The image size is 
7×7 nm. The tunnelling current and the bias voltage are 1 nA and 
1.2 V, respectively.
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The nanobud appears as a round protrusion that isattached to 
the nanotube wall. The nanobud attachment remained stable 
during high bias imaging and after continuous room temperature 
scans,thereby confirming the strong attachment to the nanotube 
wall.

Optical Application of SWCNTs as Saturation Absorber
SWCNTs with a specific desirable diameter are required for 
various applications, particularly in the area of electronics and 
photonics, since the diameter is an essential characteristic that 
determines the electronic and optical properties of SWCNTs. 
Successful implementation of CNTs in ultrafast lasers requires 
an adequate control of their absorption properties to ensure self-
starting, short-pulse generation, low-threshold power operation 
at particular wavelengths. The fabricated SWCNT films with the 
desirable nanotube diameters used as SAMs were tested in Er-
doped (1.56 μm) and Tm-Ho-doped (2 μm) fiber lasers having 
linear cavity configurations, as shown in Fig. 7.

Fig. 7: Principle schematic of mode-locked fiber laser

Conclusion

The local study of an individual freestanding nanobud was 
conducted by means of Raman spectroscopy, in combination 
with TEM. The Raman studies of this single nanobud structure 
provided, for the first time, evidence of the simultaneous presence 
of SWCNT and fullerenes. The TEM and ED investigations on 
the same nanobuds are in good agreement with the Raman results, 
which confirms the Raman measurement interpretation for the 
chirality assignment of the SWCNT and the presence of fullerenes 
on the surface of the SWCNT.

A new optical analysis method was developed to efficiently evaluate 
the mean diameter and diameter distribution in any bulk SWCNT 
sample, using data from optical absorption spectroscopy. Raman 
spectroscopy and HRTEM techniques were employed to validate 
these results. Comparisons between the different techniques 
suggest that absorption spectroscopy of bulk SWCNTs is very 
efficient in assessing nanotube diameter distributions, regardless 
of the appearance of absorption bands and the form of diameter 
distributions. This method is expected to be extended to assign 
the chirality distribution of SWCNTs in case of appearance of 
more featured absorption peaks.

The detailed parametric analysis of SWCNTs synthesized in both 
lab-scale and semi-industrial scale aerosol reactors was performed 
by utilizing a combined study of Raman, photoluminescence, 
optical absorption spectroscopies and electron microscopy. The 
scaled-up (semi-industrial scale) reactor allowed us to produce 
long SWCNTs with high yield, because of the longer residence 
times and higher flow rates in that reactor. Depending on 
different growth conditions, involving parameters such as CO2 
concentration, temperature, CO flow rate, and water-cooled probe 

position, the mean diameter of tubes in a SWCNT sample can be 
adjusted from 1.1 to 1.9 nm and from 1.2 to 1.8 nm in the lab-scale 
and semi-industrial scale aerosol reactor, respectively. The purity 
and bundle length of SWCNTs can also be tuned by variation of 
these growth parameters. The related growth mechanisms that 
explain these results were discussed in detail.

The growth of SWCNTs with well controlled diameters creates 
the possibility for adjusting the properties of SWCNTs to meet 
specific needs in specific applications. 
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