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RAMAN STUDIES OF MULTI-WALLED CARBON NANOTUBES

SUSPENDED IN POLYSTYRENE

Ross DeMike

New College of Florida, 2009

ABSTRACT

The purpose of this project is to study the interaction between nanotubes 

suspended in polystyrene and polarized laser radiation with a final goal to find a simple 

method for manipulating carbon nanotubes. Manipulating carbon nanotubes is very 

difficult but necessary for them to be useful in nano-electronics and materials science. A 

laser process which creates nanometer scale ripples in thin films of polymers is used on a 

thin film of polystyrene and carbon nanotubes in order to exert a force on the nanotubes 

and cause them to align along the ripples generated by this method. The possible effects 

of polishing lines on this process were also examined. While the results are inconclusive, 

several avenues for future work are identified. 

Professor Mariana Sendova
Division of Natural Science
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Introduction

Carbon nanotubes are a revolutionary type of material with a physical structure 

defined at the nanometer scale [1]. A carbon nanotube is a molecular scale cylinder made 

up of hexagons of carbon. The length of the carbon nanotube is much greater than its 

diameter, on the order of 104 to 105 times greater [1]. This gives carbon nanotubes unique 

quantum properties and a very large Young's modulus, which is the ratio of pressure over 

the strain caused by the pressure[2]. Carbon nanotubes are also able to be either semi-

conducting or conducting, depending on the diameter of the individual nanotube. The 

potential applications of carbon nanotubes are numerous, ranging from strengthening 

materials to uses in heat conduction and nano-electronics [2]. 

One of the major barriers which has emerged is the difficulty in manipulating 

individual nanotubes. Their small size prevents direct manipulation, and the large van der 

Waals interactions between nanotubes causes them to congregate in large bundles which 

are difficult to separate or use. The main method used to disperse bundles of carbon 

nanotubes is the use of high power sonication while the nanotubes are in solution[2]. 

Since nanotubes are non-polar, they are most easily dispersed in a non-polar solution 

such as toluene. Another problem is the need to align carbon nanotubes. Using nanotubes 

as a part of nano-electronics or as heat conductors requires them to be aligned along a 

circuit. Aligned nanotubes also have useful properties for strengthening materials. 

The purpose of this project is to study the interaction between nanotubes 

suspended in polystyrene and polarized laser radiation with a final goal to find a simple 

method for manipulating carbon nanotubes. A laser process which creates nanometer 

scale ripples in thin films of polymers is used on a thin film of polystyrene and carbon 
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nanotubes in order to exert a force on the nanotubes and cause them to align along the 

ripples generated by this method.

History of Carbon Nanotubes

While synthesizing carbon fibers, occasionally fibers of very small diameter were 

formed, though never investigated. The small diameter fibers were first noted in the 70's 

[1]. These fibers had diameters of less than 100 Å, and inspired the discovery of carbon 

nanotubes. When R. Kubo (University of Tokyo) heard about these fibers in 1977, he 

questioned what the minimum possible dimensions for the fibers were [1]. H. Kroto 

(University of Sussex), R. Smalley (Rice University), R. F. Curl (Rice University), S.C. 

O'Brian, and  J.R. Heath (Rice University) discovered fullerenes in 1985 after a series of 

experiments on vaporization of graphite, which spurred additional studies of carbon 

filaments of very small diameters [3]. While much work was done regarding the 

theoretical structure of carbon nanotubes, S. Iijima (Nagoya University) was the first to 

experimentally observe carbon nanotubes using transmission electron microscopy. [1] 

Afterwards, research on carbon nanotubes progressed rapidly.

Structure of Single Walled Carbon Nanotubes

Single walled carbon nanotubes are composed of a rolled up plane of 2D graphite, 

or graphene, containing sp2 bonded carbon atoms forming a cylinder, with hemispherical 

graphene end-caps. Because the length to diameter ratio of the carbon nanotube is so 

large, the end-caps of the nanotube are ignored in some of the basic structural 

calculations. 
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The graphite 

sheet which makes 

up a carbon nanotube 

consists of a 

"honeycomb" lattice 

of carbon rings. The 

unit cell is a rhombus 

containing two 

unique carbon atoms, 

atoms A and B, as shown in Fig. 1a. The carbon atoms A and B are the only two unique 

carbon atoms in the structure. The Brillouin zone is the Wigner-Seitz primitive cell of the 

reciprocal lattice, and for a graphene sheet it is a single hexagon. 

The two unit vectors in real space are a1 and a2, and are shown in fig.1a. If we use 

a standard xy coordinate system, 

with y as the vertical axis and x 

as the horizontal axis, then the 

vectors are expressed as 

a1=
3
2

a ,
a
2
 ,

a2=
3
2

a ,−
a
2
 with 

a = 2.46 Å, which is the lattice 
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Fig. 2. Carbon Nanotubes with different symmetry 
types. a) Armchair Carbon Nanotube b) Zigzag Carbon 
Nanotube c) Chiral Carbon Nanotube [1]

Fig. 1. a) Graphene in real space with inequivalent atoms A and B,  
and unit vectors a1 and a2. b) Graphene in reciprocal space with 
reciprocal lattice vectors b1 and b2. The Brillouin zone is a single 
hexagon.[4]



constant of 2D graphite. Note that a1 and a2 are not orthogonal. The reciprocal lattice 

vectors are b1 and b2, and are shown in Fig.2b. The reciprocal lattice vectors are 

calculated as the reciprocal of each component of the corresponding real space vector 

multiplied by a factor of π, and they are b1=2


3 a 
, 2



a
 , b2=2



3a
,−2



a
 . 

The reciprocal lattice is useful in analyzing the results of diffraction studies, and is useful 

in determining energy and phonon dispersion relations describing the electron energy 

bands. 

There are three different structural types of nanotubes, as shown in Fig.2. Most 

nanotubes are chiral (Fig 2c), meaning they cannot be superimposed on their mirror 

images, regardless of the plane of the mirror. However, armchair and zigzag nanotubes 

(Fig. 2a and 2b), which are named for their appearance, are both achiral, and thus can be 

superimposed on their mirror image. An  In order to give a greater classification to the 

different types of nanotubes, we start with the flat graphite sheet, and define the 

crystallographically equivalent sites that connect when the nanotube in question is made 

from the sheet as O, A, B, and B' as shown in Fig.3. we need to introduce the chiral 

vector, Ch, as shown in Fig.3. 
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The chiral vector is defined as Ch=n a1m a2 , 0∣m∣n where n and m are 

both integers. This vector is the primary means of identifying different single walled 

nanotubes. The chiral vector determines whether a carbon nanotube is metallic or semi-

conducting, the point group of the carbon nanotube, the Raman and IR spectrum of the 

carbon nanotube, and other properties. The length of the chiral vector is the 

circumferential length of the carbon nanotube, L. The chiral angle (θ) is defined as the 

angle between a1 and Ch, and the absolute value of the chiral angle is always between 0 

and 30 degrees. A mathematical description of the chiral angle is 

cos =
2nm 

2n2
m2

nm 
.
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Fig. 3. Two Dimensional Graphene sheet. A nanotube is made by connecting sites  
O and A together and sites B and B' together. Line OA is the Chiral Vector (Ch)  
and Line OB is the translational vector (T). Vector R is the symmetry vector. The 
nanotube shown has Ch = (4,2) , dR =2, T = (4,-5), N = 28, and R = (1,-1) [1]



The translational vector T is normal to the chiral vector of the carbon nanotube 

and is defined to be the unit vector of a 1D carbon nanotube. The translational vector 

points to the first lattice point that a line normal to the chiral vector passes through. Using 

this information, the translational vector is determined to be T=t1 a1t 2 a2 , with 

t 1=
2mn

d R

 and t 1=
−2nm

d R

 with dR being the greatest common divisor 

between 2n+m and 2m+n. This vector is a useful construct for determining properties of 

the unit cell and the Brillouin zone of a carbon nanotube.

The unit cell of the nanotube is defined by the rectangle AOBB', which is defined 

by the chiral and translational vectors. The number of hexagons per unit cell can be 

determined by dividing the area of the unit cell by the area of a hexagon, 

N=
∣ Ch x T∣
∣a1 x a2∣

 . Since there are 2N carbon atoms in a unit cell (two different atoms per 

hexagon), there will be N pairs of bonding π and anti-bonding  π* electronic energy 

bands. There will also be 6N phonon dispersion branches. The reciprocal lattice vectors 

for this unit cell are K2, in the direction of the nanotube axis, and K1 which is orthogonal 

to K2.  The relationship between the reciprocal lattice vectors and the lattice vectors in 

real space is Ri⋅ K j=2ij , with Ri  being the lattice vector in real space, and 

ij  being 1 if i= j  and 0 if i≠ j . This equation results in the following relations:

Ch⋅K 1=2 , Ch⋅ K 2=0,T⋅ K 1=0,T⋅ K2=2 . These relations result in the equations: 
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K 1=
1
N
−t 2

b1t 1
b2 , K2=

1
N
m b1−n b2 , with b1 and b2 being the reciprocal lattice 

vectors of 2D graphite.

The carbon atom site vectors can be denoted by iR, where R is the symmetry 

vector, and i is a positive integer. The symmetry vector R is R= p a1q a2 , with p and 

q being integers without a common divisor other than 1. When the vector iR goes outside 

of the unit cell, it is shifted back inside via translation by an integral number of chiral or 

translational vectors. If the symmetry vector R is expressed in terms of its projection on 

the chiral and translational vectors, we can define it as the site vector having the smallest 

component in the direction of the chiral vector. Since we know that R lies between the 

chiral and translational vectors, we can say T x R=t1 q−t 2 p a1 x a2 . Since we are 

looking for the smallest site vector, we can say t 1q−t 2 p=10mp−nq≤N  . The 

domain of the previous equation arises from the definition of R existing within the 

nanotube unit cell. The vectors iR define N inequivalent sites in the nanotube unit cell.

 The point group of the nanotube also needs to be considered as it is useful in the 

interpretation of  the Raman spectra of the structure. For the achiral (n,n) armchair and 

(n,0) zigzag nanotubes, there is a vertical Cn axis, and n horizontal C2 axes. These 

nanotubes therefore belong to the Dn point group. Note that the point group is very 

different between odd and even n, as only achiral nanotubes with an even n have a 

horizontal mirror plane. Thus, achiral nanotubes with an even n are in the Dnh point 

group, and achiral nanotubes with an odd n are in the Dnd point group. By making an 

irreducible representation for a given nanotube, the number of Raman and IR active 

bands for that nanotube can be determined. Modes whose irreducible representation 
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transform as a quadratic form are Raman active, and modes which transform as a linear 

vector are IR active. 

Raman Spectroscopy

Several different types of scattering occur when the sample is irradiated. Light 

which is Rayleigh scattered is stronger than light which is Raman scattered, and has the 

same frequency as the incident beam. Raman scattered light is weaker, with an intensity 

about 10-5 times that of the incident beam.  When a phonon is annihilated, the frequency 

of the scattered photon increases, and this effect is called anti-Stokes scattering. When a 

phonon is created, the frequency of the scattered photon decreases, and this effect is 

called Stokes scattering. [5] 

Raman scattering occurs when light is scattered inelastically by the substance 

being examined. When a photon is scattered, it is accompanied by the creation or 

annihilation of a phonon. A phonon is the quantized energy of a lattice vibration. For first 

order Raman spectroscopy, where only one phonon is created or annihilated, the selection 

rules are = '±  for frequency and k=k '±K for the wave vector, with ω 

(frequency) and k (wave vector) refering to the incident photon, ω' and k' refer to the 

scattered photon, and Ω and K refer to the phonon created or destroyed by the scattering 

event. The fundamental modes of vibration which are IR or Raman active are located in 

the center of the Brillouin zone (Γ) where k = 0. This is due to energy conservation 

requirements, as modes far away from the center of the Brillouin zone generate a lower 

intensity of scattered light. [5]

One explanation of Raman spectroscopy focuses on the polarizability of a 

molecule. For a vibrational transition of a molecule to be Raman active, the polarizability 
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of the molecule must change. The distortions in a molecule caused by an electric field 

produce an induced dipole moment proportional to the electric field P= E . However, 

since P and E are 3D vectors, the equation needs to be re-written as 


P x

P y

P z
=

 xx  xy  xz

 yx  yy  yz

 zx zy  zz


E x

E y

E z
 , with the α matrix being the polarizability tensor, which is 

symmetric in most Raman scattering. A vibration is Raman active if at least one of the 

components of the polarizability tensor is changed during the vibration. [5]

By changing the polarization of the incident radiation, or by changing the 

propagation axis of the radiation, the way the radiation affects the polarizability of a 

sample changes. Different phonon modes are only Raman active when certain 

polarizability components change, which is determined by the point group of the 

molecule. Since A1g is coupled with αxx, αyy, and αzz  polarizability components, those 

components must change for the A1g mode to be Raman active. E1g is coupled to the αzx, 

αzy, αxz, and αyz and polarizability constants, so those constants must change for the E1g 

phonon mode to be Raman Active. It is possible to reduce or eliminate certain phonon 

modes from a spectrum by changing the polarization of the incident radiation or the 

orientation of the sample. If the scattered light is observed along the x-axis with the 

analyzer's polarizer set in the y-axis direction, only Pz will affect the obtained spectrum. 

If the polarization of the incident radiation is set along one of those axes, then only one 

polarizability constant will be affected, eliminating all modes not coupled to it. If the 

electric field of the incident radiation oscillates only in the z-axis direction, then only αzz 
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will be changed, and only the A1g phonon mode will appear in the spectra. If the incident 

radiation travels along the x-axis, with an E-vector along the z-axis, the polarizer of the 

analyzer aligned along the y-axis direction, and the analyzer set to observe scattered light 

along the x-axis, then the notation is X(ZY)X. 

One useful property of Raman spectroscopy is that the polarization direction of 

the incoming beam and the polarization direction of the analyzer can change the spectrum 

obtained for a given sample by restricting the direction of the electric field and the 

direction of the field observed by the analyzer. The spectrum obtained then reflects 

different aspects of the symmetry of the sample and its vibrations. Thus, up to four 

different spectra can be obtained from a single sample. These spectra can be useful in 

determining the orientation of the sample relative to the direction of polarization of the 

incident beam.

Phonon Modes of Carbon Nanotubes

Many of the phonon modes of carbon nanotube are similar to graphite phonon 

modes. However, carbon nanotubes have additional vibrations couple due to the 

curvature of the nanotube (Fig. 4). In graphite these vibrations don't couple into a single 

mode, but they do for carbon nanotubes.  The phonon modes on the left of Fig. 4 don't 

normally couple for a 1D graphite sheet, but when the sheet is rolled into a carbon 

nanotube, those modes couple as shown on the right of Fig. 4.
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While the Raman active modes of a carbon nanotube depend on the point group it 

belongs too, most of those modes are independent of the chirality of the nanotube.  The 

Raman active phonon modes for a (n=10,m=10) carbon nanotube are shown in Fig. 5. 
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Fig. 4. On the left are phonon modes for graphite which don't couple for a single 
layer, but do couple together when rolled up into a carbon nanotube. a) shows an out 
of plane tangential mode at k=0 coupling into a radial breathing mode in a carbon 
nanotube with a non-zero frequency. b) shows a linear combination of in plane and out 
of plane modes combining into a tangential mode for a carbon nanotube[1]



Raman Spectroscopy of Carbon Nanotubes

The phonon modes that are Raman active are specified by the symmetry of the 

phonon mode. Only the phonons near the vibrations at the zone center point Γ (k = 0) are 

coupled to the incident light due to energy momentum conservation requirements, and 

thus only those vibrations need to be considered. [1]

Due to the resonant Raman effect, which occurs when the frequency of the laser is 

close to the resonant frequency of the carbon nanotubes and results in the nanotubes 

absorbing and scattering more photons than normal, the wavelength of the excitation 

laser has an effect on the spectrum produced. When the energy of the laser is in a high 
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Fig. 5. The Raman active phonon modes for a (10,10) carbon nanotube. [1]



optical absorption band a more intensive is produced due to the electron-phonon coupling 

process. Because of this effect, it is difficult to compare spectra taken at different 

wavelength. 

Previous reports on the Raman spectra of multi-walled carbon nanotubes [6] have 

defined the expected bands of carbon nanotubes. In the region near 1308 cm-1 (Fig. 6), 

there is a band called the D-band, or disorder band. The position of this band is sensitive 

to changes in the excitation wavelength, and has been assigned to the A1g phonon mode 

for the disordered graphic lattice [7]. The D-band is useful for determining the level of 

defects in the nanotubes, as its appearance is linked with disorder in the carbon aromatic 

structure. If the carbon nanotubes are perfectly pure and defect free, then this band will 
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Fig. 6. Raman spectrum of the multi-walled carbon nanotubes used in this experiment 
dispersed in polystyrene. The power of the laser was 0.4 mW, and this spectrum was 
taken in 2 accumulations with an accumulation of 20 s each. 



not show up in the spectrum, since the nanotube symmetry doesn't contribute to this peak. 

The peaks in the region of 1450 cm-1-1750 cm-1 (Fig. 6) are collectively known as the G-

band, or Graphite band. This band has been found to consist of three peaks for multi-

walled carbon nanotubes. According to group theory, the G-band consists of 6 phonon 

modes: 2 A (A1g) modes, a doubly degenerate E1 (E1g) mode, and a doubly degenerate E2 

(E2g) mode. 

The G'-band appears in the 2400 cm-1-2800 cm-1 (Fig. 6) region of the spectrum. It 

is the second harmonic of the D-band, which means it is the result of 2 phonon scattering 

processes, and typically has about twice the intensity of the D-band. An important factor 

for the G' band is that it is not selective of the diameter of the carbon nanotubes. Even in 

cases where the D-band doesn't appear, the G'-band will still appear, such as in the case 

of crystalline graphite.

One possible method of determining if nanotubes are aligned is to examine the 

ratio of the integral of the D-band with the integral of the G-band [6]. This ratio was 

much smaller for multi-walled carbon nanotubes with a good alignment than for multi-

walled carbon nanotubes without a good alignment. However, such a method would 

probably be tainted by the possibility of differences in the level of defects between two 

different samples, which would change the size and intensity of the D-band. Another 

method is to compare the integral of the G-band for two different spectra of the same 

sample where the only difference is the angle of the polarizer of the analyzer. The closer 

to one that this ratio is, the less aligned the nanotubes are, since they become less 

selective with regards to the direction of the polarizer.
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Methods for Aligning Carbon Nanotubes

Other studies performed on aligning carbon nanotubes used a variety of methods. 

While the size of the carbon nanotubes is a significant barrier to their alignment, several 

successful methods have been developed, ranging from evaporating solutions of 

nanotubes to using dielectrophoresis to direct mechanical attachment [8,9,10].

Evaporation of Cylindrical Droplets

By creating cylindrical droplets of a nanometer diameter (~175 nm), R. Sharma 

and M.S. Strano (Massachusetts Institute of Technology) were able to generate an 

alignment of 95% along the droplet's centerline using the evaporation of the drop [5]. 

These droplets were generated by using a pattern of hydrophobic and hydrophilic self-

assembled monolayers with a high affinity for nanoparticles. The alignment was found to 

be independent of the length of the nanotubes. The mechanism for this alignment is due 

to the diameter of the cylindrical droplets. As the droplets evaporate, the flow field goes 

inward for droplets with a nanometer scale diameter (Fig. 7b). For cylindrical droplets 

with a diameter greater than 1μm, the evaporation process generates a flow field going 

radially outward (Fig. 7a). These droplets deposit the carbon nanotubes along the edges 

of the droplet [8].
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Dielectrophoresis

 Using dielecrophoresis enabled H.W. Seo, C.S. Han, D.G. Choi ( Korea Institute 

of Machinery and Materials), Keun-Soo Kim, and Young-Hee Lee (Sungkyunkwan 

University) to align single walled carbon nanotubes [9]. Gold electrodes with gaps of 4 

μm between electrodes were mounted on a silicon wafer. A solution of high purity single 

walled carbon nanotubes in dichloroethylene was sonicated to remove bundles and 0.5 μl 
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Fig. 7. Evaporation of cylindrical droplets. a)A droplet with a diameter greater than 
3μm starts evaporating with pinned contact area and decreasing contact area. This 
process establishes an outward flow field within the droplet. b) Cylindrical droplets with 
a diameter smaller than 1μm begin evaporating in a similar manner, with the contact 
angle rapidly decreasing to the receding contact angle, where it remains constant.  
Initially, an outward flow field is generated, but once the contact angle stops 
decreasing, the evaporation switches to a de-pinned contact process, and a radially 
inward flow field is generated. c) velocity vector field representation for the droplets.  
[8]



of the solution was dripped between the electrodes via pipette. An AC Electric field 

between 1 V and 10 V was applied, and nanotubes attached to the electrodes, covering 

the gap between them. This method uses the polarizability of the nanotubes to induce a 

dipole moment on the nanotubes, which allows the gold electrodes to exert a force on the 

nanotubes. The nanotube would connect with the electrode, and align along the electric 

field lines (Fig. 8) [9].

Physical Manipulation

Physical Manipulation of single walled carbon nanotubes has been accomplished 

using a tweezers tip by H. Liu, S. Chiashi, M. Ishiguro and Y. Homma (Tokyo University 

of Science) [10]. As long as the single walled carbon nanotubes are long enough, the 

researchers were able to bend, align, and cut nanotubes and bundles. Ceramic tip 

tweezers were used. The tip of the tweezers was round with a diameter of about 30 μm, 

with a rough surface and trench morphology. The process the researchers used to 

manipulate a specific nanotube was three step. First, the area of interest was marked with 

a diamond pen. The area of interest was then imaged using Scanning Electron 
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Fig. 8. a) The simulated electric field lines between two electrodes. b)A Scanning 
Electron Microscope image of the gold electrode and nanotubes [9].



Microscopy (SEM, which uses electrons as “light,” which allows for observation of 

points and area smaller than the wavelength of visible light). Finally, the nanotubes were 

manipulated with the tweezers tip. By pressing the tweezer tip into the area of interest 

and toggling the nanotube film along a predefined path with a loading force less than 10-3 

N, the nanotubes along the path became well aligned (Fig. 9).  

If a larger loading force is used, the nanotubes in the track of the tweezers tip were 

removed. A small amount of damage to the nanotubes may have occurred during the 

process, as shown in the increase of the D-band of the Raman spectra of the nanotubes 

after manipulation. However, the high peak ratio of the G-band to the D-band showed 

that the nanotubes were still high quality. More complex architectures were fabricated 

using similar methods, such as bridging the gap between two nanotube films with several 
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Fig. 9. High magnification image of nanotubes after alignment using 
low loading force tweezers method [10].



individual nanotubes (Fig. 10) and making a double layer crossed network of nanotubes 

(Fig. 11). 

Additionally, tweezer manipulation was performed on suspended carbon nanotubes in 

order to avoid using a substrate which could introduce deformations to the nanotubes due 

to van der Waals interactions, which could change the electrical properties of the carbon 

nanotubes. The nanotubes were randomly distributed over trenches and some were 

suspended over those walls. Individual nanotubes were extended and aligned over the 

trenches of the substrate [10].

Spin Coating

In order to create thin films of polymer on slides, a method called spin coating is 

used. A solution of polymer and a solvent is dripped on the slide, which is then spun 

between 500 to 6000 RPM in the spin coater. A vacuum is used to hold down the slide. 

While the film thickness produced is related to the time the slide is spun, the 

viscosity of the solution, the angular velocity, and the solid content of the solution, it is 
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Fig. 10. Magnified image of nanotubes 
bridging the gap between two carbon 
nanotube films. [10]

Fig. 11. Magnified image of double layer  
cross networked single walled carbon 
nanotubes. [10]



primarily determined by two of these factors, the angular velocity, and the viscosity of 

the solution. The effect of the angular velocity at on the thickness of the film is shown in 

the relation H~W −N with H being the thickness of the film, W being the speed the 

slide is spun at, and N being dependent on the rate of solvent evaporation. If the 

evaporation rate of the solvent is constant, N = 2/3. If the evaporation rate is dependent 

on the angular speed of the slide, N = ½ [11]. In general, the evaporation rate is 

dependent on the angular speed of the slide. Another factor in the thickness of the film is 

the formation of a “skin” layer on the exterior of the film. The formation of this layer 

depends on the differences between the bulk properties of the solution and the properties 

of the solution at the air interface. [11]

Materials

The slides used were Fisherbrand precleaned 78 x 38 nm microscope slides. The 

detergent used for cleaning the slides was made by Alconox. The ethyl alcohol used to 

wash the slides before spin coating was obtained from Aaper Alcohol. The toluene used 

to prepare solutions of polystyrene and toluene for spin coating slides is 99.8% anhydrous 

toluene obtained from Aldrich. The polystyrene has an average molecular weight of 

280,000, and was also obtained from Aldrich. The multi-walled carbon nanotubes were 

obtained from Mer Corp., and were produced through a chemical vapor deposition 

process. The diameter of the nanotubes is 140±30nm and the length of the 

nanotubes is 7±2 μm. The nanotubes had random chiralities. The purity of the multi-

walled carbon nanotubes is 95%.

Spin Coating Polystyrene Procedure and Results

Before any work was performed with the carbon nanotubes, work was done on 
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obtaining a good procedure for creating an even and thin film of polystyrene on a slide. 

The films were checked for cracks using a 100X microscope. The device used for spin 

coating was a Speedline Technologies p-6000 spin coater. The regular size slides were 

too large to be held down by the attached vacuum pump, so the slides were cut by hand to 

approximately a third their original size. They were then submerged in an Alconox 

detergent and de-ionized (DI) water solution, which was then placed in a Mettler 

Electronics Ultrasonic Cleaner, and sonicated for one minute. The slides were then 

washed with DI water, and left submerged in DI water until they were ready to be used. 

The solution used for spin coating was polystyrene and anhydrous toluene. Once the 

solution was prepared and the vacuum pump and spin coater were turned on, the 

submerged slide was removed, washed with ethanol, air-dried, and placed on the spin 

coater. A small amount of the polystyrene and toluene solution was placed on the slide 

and it was spun. The angular velocity the slides was measured in RPM, and varied from 

500 RPM to 7000 RPM. One major problem encountered was that the slide would slide 

off the spin coater while accelerating. This problem was alleviated by reducing the 

acceleration of the spin coater to the minimum level, or by increasing the speed setting to 

the desired level by hand. The time the slides were spun varied from 60 s to 900 s.

The amount of solution deposited on the slide was largely immaterial to the 

quality of the slide produced, as long as enough was placed to cover the entire slide. 

Increasing the speed and time spun has a positive effect on the quality of the slide. Both 

factors tended to increase the evenness of the coating and reduce the thickness and the 

number and size of cracks. A variety of different concentrations of toluene and 

polystyrene were tried, and the most effective solution obtained was a 5% by mass 
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solution. If the solution was too viscous, with a larger percent of polystyrene, then the 

film tended to be too thick. The toluene would evaporate before the polystyrene could 

form an even film over the slide. A less viscous solution was unable to coat the entire 

slide, as the surface tension was insufficient to hold enough solution on the slide at the 

start, and a large amount of the solution would seep under the slide, forming a rough film 

on the bottom of the slide which could confuse optical measurements. While some of the 

5% solution did seep under the slide, it was a relatively small amount, and could be 

scrapped off easily, preventing it from obscuring optical measurements.

Spin Coating Polystyrene and Multi-walled Carbon Nanotubes Procedure and 

Results

Once good polystyrene films were obtained using speeds of at least 3000 RPM 

and a spin coating time of 900 s, solutions of multi-walled carbon nanotubes and the 5% 

polystyrene in toluene solution already prepared were made. After a carbon nanotube 

solution was made, it was placed in the ultrasonic cleaner and sonicated for an hour. The 

multi-walled carbon nanotube and Polystyrene and Toluene solutions prepared are shown 

in Table 1.

Solution Number Mass % of Nanotubes 
to Polystyrene Solution

1 0.06%

2 0.11%

3 0.18%

4 0.20%

5 0.46%
Table 1. Multi-walled carbon nanotube and polystyrene and toluene solutions.

Using these different solutions, 53 different slides were produced and examined, 
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using a variety of different spin coating settings, with time ranging from 300 s to 900 s, 

and with speeds ranging from 1000 RPM to 5500 RPM. Higher speeds were avoided, as 

they had not produced noticeably better films and the slides were more likely to fly off 

the spin coater at such high speeds. One recurring problem with the slides produced was 

the large number of optically visible bundles of nanotubes produced. Due to the large van 

der Waals forces between nanotubes, the low-power ultrasonic bath used was insufficient 

to break apart most of the bundles. Therefore, a new solution was made, and a Fisher 

Scientific 60 Sonic Dismembrator was used, courtesy of professor Walstrom. A stand 

was set up to hold the dismembrator probe in place, and an ice bath was made to keep the 

solution from evaporating. Initially, a short 15 s burst was used at 26 W, but it had no 

observable effect on the film created. A major problem encountered was low heat 

conduction of the container used. Glass vials can easily shatter when subjected to high-

power sonication, so a plastic container was used. The plastic container was sufficient for 

short bursts of sonication, but long term sonication in a plastic container caused most of 

the solution to evaporate within the first 30min. Instead, a copper centrifuge vial was 

used, which allowed for enough heat conduction for the solution as long as it was in good 

contact with the ice bath. Another solution composed of 0.32% multi-walled carbon 

nanotubes by mass was made, and placed in the ice-bath and dismembrator set-up. 

Several films were made after set periods of sonication. The films and their conditions 

are shown in Table 2. The sonication power was always the maximum of 26 W, the time 

the slides were spun was always 600 s, and the timer and sonic dismembrator were 

stopped when a sample was removed, then quickley started up again. The time the 

dismembrator was stopped was approximately 1min for each sample.
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Slide # Sonication Time (hr:min) Speed of Spin Coater (RPM)

SC1 1:23 3000

SC2 1:40 3050

SC3 2:07 3050

SC4 5:29 2864

SC5 6:02 2860

SC6 6:50 3060

SC7 7:41 3060

SC8 10:12 2820

SC9 10:37 3230
Table 2. Slides with films made from solution sonicated at 26 watts for the given amount of time.

The slides still had visible bundles, but Raman spectroscopy showed that the 

slides sonicated for more than 10 hours had larger amounts of carbon nanotubes 

dispersed outside the bundles than the other slides. This was determined by observing the 

area of the G-band for peaks, and checking their intensity. However, the large Raman 

bands of the glass slides had a much greater intensity than the bands of the carbon 

nanotubes, making detailed analysis difficult. The solution to this problem was using 

polished stainless steel to spin the thin films on. Polished stainless steel has nearly no 

Raman spectrum, and doesn't interfere with the analysis of the Raman spectra of the 

multi-walled carbon nanotubes. 

Additional 0.32 wt% carbon nanotube, polystyrene and toluene solution was made 

and sonicated. Steel slides were used, and the slide numbers, sonication time, and spin 

coating speed are shown in Table 3. The time the slides were spun coat was 600 s each, 

the solution was sonicated at 26 W, and the timer and sonicator were both stopped for 

approximately 1 min to collect a sample of solution. For slides SC12 and SC13, the 

solution was applied after the sildes were already spinning at full speed, while for the 
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other slides, the solution was applied normally, before the slide began to spin. 

Slide # Sonication Time (hr:min) Speed of Spin Coater (RPM)

SC10 10:25 2400

SC11 10:42 2920

SC12 10:51 1900

SC13 11:12 2600
Table 3. Steel slides with solution sonicated at 26 watts for the given time. Slides SC12 and SC13 were 
spinning at full speed before the solution was dropped on them.

The films on the polished stainless steel substrates were observed both optically 

and via Raman spectroscopy. While bundles of carbon nanotubes were still present, the 

carbon nanotubes that were dispersed in the film produced a large enough Raman spectra 

that analysis was possible.

Background on Lasing Polymer Films for Generating Sub-Micron 1D Periodic 

Structures

28

Fig. 12. AFM image of periodic ripple structure formed by lasing a 
polymer film. [12]



The laser process used on the polystyrene was originally reported by M. Sendova 

(New College of Florida) and H. Hiraoka (Hong Kong University). By lasing the 

polystyrene thin film for a period of time with a fluence of 3 to 5 mJ/cm-2, periodic 

structures in the form of “ripples.” were observed, as shown in Fig. 12. The periodicity of 

those structures was determined to be =


n−sin
, with λ being the wavelength of 

the laser, n being the refractive index of the material, and   being the angle between 

the interfering waves. The ripple direction is parallel to the plane of polarization of the 

incident beam, allowing control of the direction of the ripples. [12]

Our hypothesis that the use of this process might be useful as a method to 

physically manipulate carbon nanotubes dispersed in a polymer matrix. Since the size of 

the ripples formed by this process are on the scale of the wavelength of the laser used, it 

might force carbon nanotubes to align along the direction of the ripples. 

The main requirement is that the laser be plane polarized, and the ripple direction 

is always parallel to the polarization of the laser. The formation of the waves can be 

explained in terms of generating surface electromagnetic waves and in terms of light 

scattering theory. The requirement for surface electromagnetic waves is that the index of 

refraction of the material being irradiated is much smaller than the extinction coefficient 

of the material. However, the requirements were not met for the polyamide film used in 

the study, so instead it is proposed that interference of the incident beam and the radiation 

scattered along the surface. As the ripples form, the polymer surface acts as the periodic 

dielectric wave guide for the incident radiation. 

Since the laser used in this experiment is a 785 nm laser, the polystyrene alone 
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won't absorb the laser and exhibit this phenomena. However, the carbon nanotubes do 

absorb at this wavelength and through heat transfer, a polystyrene with a good nanotube 

dispersion should still heat up and exhibit this effect.

Raman Spectroscopy Procedure

The slides were analyzed using Raman spectroscopy. The laser was an Invictus 

785 nm diode laser. A Kaiser Optical Systems RamanRXN1 Raman microprobe was 

used for the analyzer. The resolution of the spectrometer is 5 cm-1.The program used to 

take the spectra was Holograms, which was designed to work with our set-up. Before any 

spectra were taken, the laser's and analyzer's wavelengths were calibrated. The calibration 

calculations were performed with the Holograms program.  The Raman spectra of a vial 

of cyclohexane was used to calibrate the laser's wavelength, using known values of the 

spectra. The HoloLab calibration accessory was used to calibrate the wavelength axis of 

the analyzer, using a neon light.

Once the Raman spectroscopy set-up was calibrated, a slide was placed under the 

microprobe for analysis. First, a spot on the slide was selected using the 100X focus. An 

image of the spot was taken and any interesting features, such as visible polishing lines or 

unusual color were noted. Next, the spectra was taken with the power of the laser set to 

0.4 mW to avoid heating up the polystyrene film. Typically, the accumulation time was 

around 20 s in order to get a spectra. For every accumulation, the Raman probe did a 

“dark” spectrum, which is a spectrum taken with the laser off. These generate a 

background spectrum which is subtracted from the accumulations performed with the 

laser on. The polarization of the laser was fixed, so only the polarization of the analyzer 

could be varied. A total of six spectra for each point were collected before the lasing 
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procedure. Three of the spectra taken were with the polarizer parallel to the analyzer, and 

three of the spectra were taken with the polarizer normal to the analyzer of the laser. The 

two different types of spectra are abbreviated p and n respectively. After the Raman 

spectra of the spot were taken, the power of the laser was increased to between 2.7 mW 

and 5.3 mW as measured at the source of the laser, and the area was approximatly 10 μm 

in diameter. The shutter for the laser was left open for a total of 5 min. After 5 min, the 

shutter of the laser is closed and the power of the laser is reduced to 0.4 mW. Then, one 

additional p and one additional n spectrum are taken of the same spot. This procedure is 

repeated for a variety of different spots on the steel slides, and the data obtained were 

analyzed using Grams/AI software. 

Analysis of the Raman Spectra

Initially, glass slides were used as the 

substrate for the carbon nanotube 

dispersions. Unfortunately, the Raman 

spectrum generated by the glass slide 

completely overshadowed the spectrum 

for carbon nanotubes. In Fig. 13r, a 

spectrum taken of a carbon nanotube 

dispersion on a glass slide is shown, and 

the characteristic peaks of carbon 

nanotubes are barely visible. The peak around 1500 cm-1 is due to the glass slide, and 

prevents any analysis of the G and D bands. The G' band is slightly visible around 2600 
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Fig. 14. Definition of the axes used for defining  
the polarization directions. [13]



cm-1, but the peak is still overshadowed by the glass slide spectrum. Instead of glass 

slides, stainless steel was used as the substrate, as steel showed no Raman spectrum.

The spectra of the film of polystyrene and multi-walled carbon nanotubes was 

analyzed several different ways. Normally, the background spectrum made by the 

substrate and the polymer would be subtracted off. However, stainless steel slides and 

polystyrene don't generate a noticeable Raman spectra, so this step was unnecessary. In 

order to determine the level of alignment of the carbon nanotubes, the integral of the G-

band for both p and n spectra were determined, with the limits being 1485 cm-1-1680 cm-

1, and the ratio of the p and n integrals was compared to a previous study which used a 

514.5 nm laser [13] to determine the level of alignment before and after the lasing 

procedure. The study gives the ratio XX:YY:XY:YX = 1.00:0.29:0.19:0.39 for the 
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Fig. 13. Raman spectrum of a carbon nanotube dispersion in polystyrene on a glass  
slide. The G'-band of the nanotubes is sightly visible around 2600 cm-1.



integrated g-band for the given alignments, where the abbreviation refers to the 

orientation of the incident and scattered electric field directions, when the incident 

radiation and the analyzer were fixed along the z-axis for the study. For this experiment, 

the direction of the nanotube is unknown, so only the relation between the orientation of 

the incident and scattered electric field directions is known. When they are parallel (p), 

that corresponds to XX or YY, and when they are normal (n), that corresponds to XY or 

YX.  The x-axis was along the length of the nanotube, and the y- and z- axes were both 

perpendicular to the length (Fig. 14). By rearranging these, aligned nanotubes had ratios 

of 
XX
XY

=5.3,
YY
YX

=0.7
. As the carbon nanotubes become less aligned, the ratios 

approach 1, except for disorder induced features. [13]

Additionally, the D and G' bands were each fit to a Lorentzian peak. The area and 

location of these peaks were also examined, in order to determine if any connection exists 

between them and the level of alignment of carbon nanotubes.

Raman Spectra Results and Analysis

A total of 14 differentsamples were analyzed on the steel slides. A large number 

of polishing lines were visible on the surface of the steel slides when they were viewed at 

100X.  The spots selected were either on a visible vertical or horizontal polishing line, or 

not on any visible polishing line. The G-band portion of the spectra obtained for the first 

spot before lasing is shown in Fig. 15, and the spectra after lasing is shown in Fig. 16.

The ratio of the integrated intensity of the n- and p- spectra for the G-band for the 

14 spots before and after lasing is shown in Table 4, along with the position of any 

polishing lines, and the difference between the ratios before and after lasing.
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Gp/Gn Gp/Gn
Spot # Before Lasing After Lasing Difference Polishing Line

1 1.29 0.98 0.31 Horizontal
2 1.02 0.78 0.24 Horizontal
3 1.34 1.17 0.17 Horizontal
4 1.54 1.3 0.24 Horizontal
5 0.97 0.8 0.17 Vertical
6 0.91 0.92 -0.01 Vertical
7 0.88 0.75 0.13 Vertical
8 0.71 1.32 -0.61 Vertical
9 1.22 1.13 0.09 Vertical
10 0.77 0.57 0.2 Vertical
11 1.19 1.15 0.04 Vertical
12 0.78 0.27 0.51 Vertical
13 1.28 1.26 0.02 None
14 1.22 1.15 0.07 None

Table 4. Integrated g-band data. The difference data is before lasing minus after lasing.

With the exception of spot six (which experienced almost no change) and eight 

(which appears to be an outlier), the lasing procedure always reduced the ratio of the p 

integrated G-band to the n integrated G-band. What is unusual is that this didn't 
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Fig. 15. The G-band of an n and p spectra taken from the first spot before 
lasing.



uniformly move the ratio away from or closer to 1, which would indicate an increase or 

decrease in the alignment of the carbon nanotubes respectively. Most of the spots on 

horizontal polishing lines had a small amount of alignment before lasing, but became less 

aligned afterwards. The same was true for spots that were not on any visible polishing 

lines. The spots on vertical polishing lines had mixed results. One of them, spot 8, 

actually increased the Gp/Gn ratio, but it was unrepeatable. While Spot 6 did increase this 

ratio, it was by such a small amount that it may have been due to error. Using the analysis 

of the G-band from [13], half of the vertical spots became more aligned after being lased, 

and half became less aligned. 

Additional data analysis was carried out on the G' and D bands of the spectrum. 

The G' band peak consistently occurred at 2620 cm-1 (Fig. 17) and the D band peak 
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Fig. 16. G-band of he n and p spectra of spot 1 taken after lasing.



consistently occurred at 1314 cm-1 (Fig. 18). 

A previous study [14] found that the G' and D bands consist of a single Lorentzian 

waveform, which is defined by the equation 
I =I 0

1

1
0−




2 , with I being the 

intensity, Γ being the full width at half maximum, I0 being the max intensity, ω being the 

Raman shift, and ω0 being the Raman shift of the center of the peak. The Lorentzian 

equation is used to model resonance behavior, such as for a damped, driven oscillator, so 

a possible explanation for this equation's use is that the incident radiation is acting as a 
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Fig. 17. The G' band of multi-walled carbon nanotubes.



force on a “damped oscillator,” which is the phonon modes of the carbon nanotubes. The 

position and area of these bands were determined with a single Lorentzian peak fitting, 

and the position of both was found to be constant, with only slight variations of 0.5 cm-1, 

well within the resolution of the Raman spectrometer. Analysis similar to the analysis for 

the G band was done for the G' and D bands, by integrating the Lorentzian function 

obtained for the peaks, though the integration limits were not always the same as they 

were set graphically, and the results are shown in Table 5.
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Fig. 18. The D-band of multi-walled carbon nanotubes.



Dp/Dn Dp/Dn Dp/Dn G'p/G'n G'p/G'n G'p/G'n
Spot # Before Lasing After Lasing Diff. Average After Lasing Diff. Polishing Line

1 1.28 1.06 0.22 1.31 0.97 0.34 Horizontal
2 1.09 0.81 0.28 1.01 0.75 0.25 Horizontal
3 1.18 1.16 0.02 1.17 1.1 0.07 Horizontal
4 1.28 1.16 0.13 1.27 1.15 0.13 Horizontal
5 1.03 0.93 0.1 0.92 0.85 0.07 Vertical
6 0.95 0.84 0.11 0.82 0.87 -0.05 Vertical
7 0.81 0.67 0.14 0.8 0.6 0.2 Vertical
8 0.79 1.1 -0.31 0.68 1.27 -0.59 Vertical
9 1.12 1.09 0.03 1.2 1.12 0.08 Vertical
10 0.81 0.62 0.19 0.55 0.48 0.07 Vertical
11 1.04 1.09 -0.05 1.12 1.11 0.02 Vertical
12 0.75 0.27 0.48 0.7 0.28 0.42 Vertical
13 1.22 1.13 0.09 1.23 1.14 0.09 None
14 1.03 0.97 0.06 1.14 1.05 0.1 None

Table 5. Data for the D and G' bands.

One interesting note is that the integrated G' band data correlates with the 

integrated G band data fairly well, with only spots 6 and 8 showing an increase in the 

integrated p:n ratio for the given bands, and all other spots decreasing that ratio. Also, 

spots which had the Gp/Gn ratio move away from 1 tended to have the Dp/Dn and 

G'p/G'n ratios move away from 1, with the only exception being the Dp/Dn value for spot 

5. 

Spot 13, which has no polishing lines, is shown in Fig. 19. Large bundles of 

nanotubes are visible, several of which are greater than 5 μm in diameter. These bundles 

were common on all of the slides. These bundles were avoided since the lasing process 

would heat them above the melting point of the polystyrene due to their absorption of 

visible light.
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Spots 1 and 8 are shown in Fig. 20 and Fig. 21 as examples of spots on horizontal 

and vertical polishing lines respectively. 
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Fig. 19. Spot 13, with no polishing lines at 100X magnification. The center of the 
blue cross is where data was taken.
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Fig. 20. Spot 1 on a horizontal polishing line at 100X magnification. 

Fig. 21. Spot 8 on a vertical polishing line at 100X magnification.



Conclusions

The lasing did have an effect on the nanotubes, but drawing a conclusion 

regarding that effect is difficult. The nanotubes didn't uniformly increase or decrease the 

level of alignment as a result of the lasing process. The p/n spectra ratios tended to 

decrease after the lasing, but what this means is unknown. The lack of any AFM or SEM 

pictures of the spots after the lasing process means that there is no direct evidence that the 

lasing process created periodic ripple structures similar to those found by M. Sendova 

[12], or that the formation of those ripples exerted a force on the nanotubes to align along 

the interior of the ripples. 

The lasing process increased the disorder on all of the spots on the horizontal 

polishing lines. The effect on spots not on any polishing line is a minimal increase in 

disorder. Also, not all of the spots on vertical polishing lines had the same effect, but 

several of them did show an increase in the alignment of the nanotubes. Whether or not 

the spots on the vertical lines increased in alignment seemed to be random. One 

possibility is that the laser wasn't perfectly aligned on the polishing line for all of the 

spots observed. Since spots not on any lines had a decrease in alignment after lasing, that 

would fit the data. While it didn't perfectly align the nanotubes, the lasing process did 

improve the alignment of the nanotubes in the vertical polishing lines. Due to the small 

number of data points and the random nature of the data, it is impossible to draw a 

conclusion for the lasing process.  

Future Work

The main work which needs to be done is collecting additional data points from 

similar set-ups, in order to reach a conclusion. The number of data points taken for this 
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experiment, combined with the small change in ratio, make the possibility of error in the 

data high. Additionally, using an SEM to directly observe the nanotubes in the examined 

areas would allow for a more direct proof of any conclusions. 

Additional work should be done using lasers with different wavelengths, and at 

different angles of incidence. Using a laser with a wavelength which is absorbed by 

polystyrene rather than the carbon nanotubes may improve the results. Also, comparing 

the alignment achieved with different polishing techniques and different sizes of 

polishing lines on the stainless steel substrates could be essential. Such a technique would 

allow circuits to be etched into the stainless steel substrate, and the nanotubes would just 

naturally align along those circuits after the spin coating process. 

One way to improve this process would be to decrease the wavelength of the laser 

used. This change would reduce the width of the ripples generated by the lasing process 

[9], which would increase the average force exerted on the nanotubes to force them to 

align.

One interesting fact is that the nanotubes had some level of alignment before the 

lasing process, even in areas without any polishing lines. This may be due to the force 

generated by the spin coater. This force may have pushed the nanotubes against the 

polishing lines and forced some level of alignment. This is a potential area for further 

work.

Work should also be performed using different types of polymer as the substrate. 

Different polymers may exert different levels of force on the nanotubes. It would most 

likely be governed by the index of refraction of the material, since that determines the 

width of the ripples. The strength of the polymer might also have an effect on the lasing 
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process results. 
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