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ABSTRACTCarbon nanotubes (CNTs) have  outstanding physical  properties (several times stronger than steel, better thermal conductor than diamond, etc.) therefore they will play an important role in  future technologies. Raman spectroscopy is a powerful tool in the analysis of CNTs but require the use of lasers which may damage the sample if the laser fluence/power density (LPD) is too high. This work is  aimed at experimental  study of laser heating effects on bundled single wall carbon nanotubes (SWNTs). Specifically, we want to understand the process of CNT destruction under high-power laser irradiation, to establish safe LPD regimes for CNTs characterization and to learn how to identify the effects of laser heating when working outside those regimes.This  Master  Thesis  project  was  conducted  in  the  High  Pressure  Spectroscopy  Laboratory, Materials Physics group at Luleå University of Technology. The equipment used was a confocal Raman imaging system CRM-200 from WiTec with two lasers: 532 nm (2.33 eV) and 633 nm (1.96 eV) and a gas flow cell. Also, two different CNT samples were studied - one produced using  arc-discharge  and the  other  -  a  high  pressure  carbon  monoxide  disproportionation  process  (HiPCO) method respectively. The HiPCO sample is comprised of high-purity CNTs having small  average  diameter  with  fairly  wide  distribution.  The  arc-discharge  sample  is  less  pure  and contains CNTs narrowly distributed in size around of larger average diameter.Oxidation is believed to be of importance in the CNT destruction caused by high laser irradiation thus its role was investigated through comparison of the laser heating effects on SWNTs in air with the SWNTs in an argon environment under similar conditions. Argon protects the sample from oxidation and thus CNT destruction was expected to be reduced compared to the same experiment  in  air.  A  reference  regime  (REF)  for  the  laser  power  density  where  no  CNT destruction could be observed was established. The results for the HiPCO sample show that the  CNT destruction is much greater in air than in an argon environment which clearly indicates that  the CNTs are destroyed through oxidation.  However,  the analogous experiments on the arc-discharge  CNTs  revealed  the  behaviour  opposite  to  that  observed  in  HiPCO  material.  We demonstrate that there are two factors that are important in the oxidation process -  the CNT diameter and the sample purity. Small diameter CNTs are more prone to oxidation than larger  ones which explain why the HiPCO CNTs are more easily destroyed in air than the arc-discharge produced CNTs. The reason for the increase in CNT destruction in argon environment for the arc-discharge CNTs is believed to be related to sample purity but can not be fully ascertained at  the moment and, therefore, requires further investigation.From the use of different lasers we can conclude that that the higher energy photons cause more  damage to the CNTs at the same power density.
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1 INTRODUCTIONThe question of  who should be accredited for  the  discovery  of  carbon nanotubes  may be a  matter of discussion, it is believed that the first evidence of tubular shaped, nano-sized carbon filaments was published in Russia in 1952 [1]. It is however clear that the publication of the article ‘Helical  microtubules of  graphitic  carbon’  by S.  Iijima in Nature in 1991 [2],  was the  starting point of the great interest for this promising material.At the heart of the attention carbon nanotubes have received is the extraordinary properties of  the material.  The strength of the material has sprouted ideas of space elevators, bullet proof  clothes and super strong polymers. Their electronic structure renders them highly interesting for  use  in  electrical  circuits  where  they  can be  used for  digital  switching,  in  field  emission displays,  as superconductors,  oscillators,  capacitors and in many other applications.  Another feature  is  the  excellent  thermal  conductance  that  for  instance  may  be  used  for  cooling  of electronic devices.A further aspect on the extensive research being made on carbon nanotubes is the ease by which  it  can be performed using Raman spectroscopy.  Raman spectroscopy is a powerful  tool  that allows the scientists to get detailed information about a carbon nanotube sample that would not  be  accessible  through  other  methods.  Combining  Raman  spectroscopy  with  Atomic  Force Microscopy (AFM) one can acquire nearly all the information there is to be found regarding the  structure of an individual carbon nanotube.In order to be able to utilize the carbon nanotubes qualities it is necessary to learn more about their intrinsic properties. This is achieved through scientific research and in this process it is  important  to  be  able  to  exclude  results  that  are  due  to  other  effects  than  the  ones  being analyzed. Raman spectroscopy require the use of lasers and since that laser light will inevitably heat up the sample under study it is important to know the impact this heating effect have on the measurement results. The measurements that are the basis for this thesis seek to investigate the influence of excessively high power densities on bundled single wall carbon nanotubes.The outline for this thesis is to start with a more theoretical explanation of carbon nanotubes and  Raman  spectroscopy  before  moving  on  to  more  practical  details  about  measurement equipment and procedure. Next follows a presentation of the results and an analysis of the same.  An appendix with details about the analysis work complete the report.
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2 BACKGROUND THEORYThis  is  a  report  on the  study  of  the  laser  heating  effect  on  carbon  nanotubes  using  Raman spectroscopy.  In order to interpret the results of  the experiment correctly it is important  to  thoroughly understand both the examined material and the method used.
2.1 CARBON MATERIALSCarbon is a small atom with a large diversity of binding capabilities and forms more compounds than any other elements it even has its own branch in chemistry; organic chemistry. There are  numerous different forms of pure carbon materials, some with completely different properties, for instance diamond is a transparent and hard material whereas graphite is an opaque soft material. Carbon is also the chemical basis of all life on earth.2.1.1 THE CARBON-CARBON BONDThe isolated carbon atom has the configuration 1s22s22p2.  In larger structures the 2s and 2p orbitals are perturbed by nearby atoms and can form sp, sp2 and sp3 hybridized orbitals. The resulting orbitals allow for up to four covalent bonds. Hybridized orbitals form strong σ-bonds while unhybridized orbitals allow for the weaker π-bond. In diamond the orbitals in all atoms are  sp3 hybridized  and  form  four  σ-bonds  with  their  neighbouring  atoms  in  a  tetragonal  structure.  Other  examples are  alkenes where two carbon atoms in sp2 configuration form a double carbon-carbon bond with one σ-bond and one π-bond and alkynes which have carbon atoms in an sp configuration and form a triple carbon-carbon bond with one σ-bond and two π-bonds. The strength of the σ-bond combined with the variety of possibilities to bind to other  atoms give  carbon the unusual  ability  catenate  and branch and hence form complex carbon structures [3].

Figure 1: sp2 hybridization, the s-orbital and two of the p-orbitals are hybridized to form three sp2 orbitals. The three hybridized orbitals are all in the x-y-plane where they form σ-bonds with neighbouring atoms while the remaining z-direction p-orbital from two adjacent atoms together  form a π-bond. 6



2.1.2 GRAPHENEThe sp2 hybridized orbitals form three in-planar bonds with a 120° angle separation between them. Carbon binding only to other carbon atoms in this configuration will render in a hexagon  crystal  lattice,  infinitely  wide  and  deep  but  only  one  atom  thick.  Such  a  structure  is  called graphene and is due to its proportions considered to be two dimensional (2D). The Brillouin zone, the simplest building block of a crystal, is in graphene defined as one hexagon. Graphene layers stacked in accordance with fig. 2 form graphite.It was until just recently considered impossible for graphene to exist in this 2D state. More than 70  years  ago,  Landau  and  Peierls  argued  that  strictly  2D  crystals  were  thermodynamically unstable  [4].  Experimental  observations  have  supported  this  assertion  until  physicists  from University  of  Manchester  in  2004 accidentally  produced sheets  of  graphene  while  trying  to create thin films of graphite [5].With  atoms  forming  only  three  bonds  out  of  the  available  four,  graphene  is  left  with  a delocalized  π-bond  network  and  this  result  in  exceptionally  high  electron  mobility  and correspondingly low resistivity.  Isolated from any surroundings,  graphene would have lower resistivity  than  silver.  However,  electron  scattering  due  to  phonon  interaction  from  contact  surfaces at room temperature decrease the electron mobility and increase resistivity [6].Other extraordinary properties of  graphene include a thermal conductivity exceeding that of  diamond which is otherwise known as the best conductor of heat there is. Also, according to  Changgu Lee et al., graphene is to date the strongest material known to man with a breaking  strength 200 times greater than that of steel [7].A defect in hexagon sheet of graphene in the form of a heptagon will bend the otherwise plane graphene into a saddle  shape.  A pentagon on the other hand results  in a cone shape.  More pentagons wile increase the curvature until  the edges meet and the graphene form a closed shape.

Figure 2: Schematic image of graphene (left) and graphite (right).2.1.3 FULLERENESA graphene sheet rolled up into a seamless tube shape is called a carbon nanotube or CNT for short. Six pentagons at each end ensure a completely closed surface. These tubes are in general  one or a few nanometres in diameter, hence the name nanotubes, but often many micrometers or even several millimetres in length. For this reason CNTs are considered to be 1D. If the tube is  shrunk to zero length the remaining ends form a sphere. Carbon structures with this shape are  called Buckyballs and are considered to be 0D. If instead the ends are removed and the tube is  bent into a doughnut shape it is labelled a nanotorus. 7



If one CNT is contained within another it is categorized as a double wall carbon nanotube, or  DWNT, as opposed to a single wall carbon nanotube, SWNT, which is one nanotube only. If the tube consists of more than two layers it is called a multi wall carbon nanotube, MWNT. A layer of  graphene rolled several laps into a Swiss roll shape is also considered to be a MWNT.There are a number of ways in which CNTs and other fullerenes can be produced. Even the  burning of a candle will produce miniscule amounts of fullerenes [8]. Two of the more elaborate methods are described further in chapter 4.3. A carbon supply is indispensable, be it graphite, a  carbon  containing  gas  or  some  other  source.  Heating  the  substrate  allow  for  its  molecular structure to reorganize. Lasers, electric arcs, ovens or other instruments for heat production can be used. The results may vary depending on the choice of technique, some produce only minute quantities  of  fullerenes  and  large  amounts  of  impurities,  usually  in  the  form  of  amorphous carbon (soot), while others are far more remunerative. Catalysts that favour formation of CNTs can greatly improve the yield in CNT production. Catalysts can also be used to control the size of  the CNTs and thus it provides a capability to selectively produce SWNTs, DWNTs or MWNTs [9].

Figure 3: Carbon nanotube (left) and buckyball (right).
2.1.4 CARBON NANOTUBE STRUCTURE AND PROPERTIESDue to the symmetrical structure of graphene, CNTs can have different configurations depending on  the  direction  in  which  they  are  rolled.  The  system  for  recognizing  these  different configurations is called chirality and it is defined by a vector that assigns two numbers  to every CNT, numbers that are unique for each formation. This vector, called the chiral vector, can always be set to start at the position of one atom in the honeycomb lattice and since CNTs are  seamless it will then always finish at the position of an atom that when rolled will coincide with the starting point.Chirality is based on symmetry axes as seen from one single atom in the crystal lattice. Every  atom will  see  six  60° separation symmetry  axes,  two in every  Brillouin zone,  axes  that  are  defined  by  unit  vectors  with  direction  identical  to  that  of  the  axis  and  length  equal  to  the distance to the closest atom in the defined direction. These unit vectors can be linearly combined into the chiral vector and since only two unit vectors are needed to accomplish this, only the pair of  unit  vectors  with  the  least  angle  to  the  chiral  vector  is  used.  Due  to  the  60°  separation between the unit vectors, the smallest angle, , will never be more than 30°. The weights of the unit  vectors  in  this  linear  combination  constitute  the  integer  numbers   that  the configuration is recognized by. Nanotubes with   are called “zigzag” and these will have .  If   we  get  ,  this  configuration  is  called  “armchair”.  All  other configurations are called “chiral” [10]. 8



Figure 4: The shaded part of the graphene sheet represents the unit cell spanned by the chiral vector C and the translation vector of a CNT with chirality  . The chiral numbers are the weights for the unity vectors a and b in C=na+mb where a and b are the unity vectors.The chiral vector does due to symmetry reasons have an identical counterpart at 90° angle and thus along the length of the CNT. This vector is called the translation vector and the area it spans  together with the chiral vector is the unit cell of the CNT [10].The  chirality  plays  an important  role  for  the  CNTs  properties.  The  most  evident  difference manifests itself in the diameter of the CNT which is directly proportional to the length of the  chiral vector. Also the electronic properties of the CNTs are governed by their chirality, when  the CNTs are metallic, when  is evenly devisable by 3 they are metallic at room temperature and all other CNTs are semiconducting [10].Individual SWNTs have shown some very promising figures in properties regarding strength and conductivity of heat and electricity.  Measured and calculated values have often manifold exceeded those of the more common materials of today, like steel and copper. However, bulk CNTs usually  consist  of  an unstructured mix of metallic  and semiconducting tubes that only weakly interact with one another through van der Waals bonds and the measured values of these  properties  are  therefore  often  far  worse  for  bundled  SWNTs  [11].  One  of  the  most important  goals  for  carbon  nanotube  researchers  is  to  find  viable  ways  to  maintain  the attributes of individual CNTs on a larger scale.

Figure 5: The figure shows the relation between the chirality of a CNT and the orientation of its  graphene structure. 9



2.2 RAMAN SPECTROSCOPYRaman spectroscopy gives information about the low frequency energy levels in a system. Since energy levels are different for different molecules it is possible to through Raman spectroscopy identify  the  nature  of  the  substance  under  inspection.  Raman spectroscopy  is  based on the Raman Effect, a phenomenon discovered by the Indian physicist Sir Chandrasekhara Venkata Raman in 1928. In 1930 he was awarded the Nobel Prize in physics for his findings [12].2.2.1 RAMAN SCATTERINGWhen a photon interacts with a molecule its energy is absorbed and reemitted. This procedure may take place in a number of different ways. Sometimes it is emitted over several nanoseconds,  which in this context can be considered to be an extended period of time, through several small steps, usually in the form of heat or through a fluorescence process. In other cases the emission is more or less instantaneous through one single step in a scattering process.Most  photons  scattered  from  a  molecule  are  elastically  scattered  and  thus  have  the  same frequency as the incident photon. The incident photon will rarely be able to excite the molecule  into a resonant energy state but rather to a virtual one due to a mismatch in energy. This virtual energy state is very short lived and the photon is reemitted within tens of a femtosecond. When photons are scattered in this manner it is called Rayleigh scattering.Raman scattering on the other hand is an inelastic  process.  The emitted photon will  have a  frequency that is different than the incident one. Raman scattering is in a sense quite similar to  Rayleigh  scattering  but  instead  of  returning  to  its  original  state  the  molecule  will  be  in  a  different state after it has emitted a photon than before the excitation. Only one scattered photon in one million is Raman scattered, yet much information about the molecule is conveyed through this rare phenomenon [13].The energy lost (or gained) by the photon is transferred to (or from) a vibration in the lattice of  the material known as a mode. In quantum mechanics the vibrational energy is considered to be transferred by a particle known as a phonon. A lattice can have several different kinds of modes.  Not all modes are Raman active and another perspective on the scattering process reveal why. When the electric field interacts with the molecule it is exited with an oscillation of the same frequency as the incident wave. This perturbation causes periodic separation and contraction of the molecules constituent atoms which changes the dipole moment of the molecule with the same frequency. The induced dipole moment is in turn a source of radiation and thus the light is  scattered. The strength of the induced dipole moment is given by:, (1)where α is the polarizability of the molecule and  is the strength of the electromagnetic field. The polarizability is, among other things, dependent on the distances between the atoms in the  molecule and since these distances oscillate in the exited molecule the polarizability may change  with them and this may cause the scattered light to change frequency compared to the incident light  and  Raman  scattering  has  occurred.  If  the  oscillations  are  such  that  the  polarizability  remain constant  there will  be no Raman scattering.  In mathematical terms the condition for Raman scattering is:
(2)
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where the subscript e stand for equilibrium position and r  is  the distance from equilibrium position [14].There are two kinds of Raman scattering, Stokes and anti-Stokes. The Stokes scattered light has a lower frequency than the Rayleigh scattered light because the molecule started in ground state and ended in an excited state. Anti-Stokes is the exact opposite. Anti-Stokes scattered light is as  much raised in energy compared to the  Rayleigh scattered light  as  Stokes scattered light  is  lowered in energy.

Figure 6: Energy diagram showing three different scattering processes.2.2.2 RAMAN SPECTROSCOPYThe  molecule  changes  energy  level  during  the  Raman  scattering  process  and  the  energy difference  is  transferred  to  the  photon.  This  means  that  the  energy  difference  between  the incident photon and the scattered photon is the same as the difference in energy between the energy levels in the molecule. If the frequency of the incident photon is known and the frequency of the emitted photon is measured the separation of the energy levels in the molecule can be calculated. Since this value is unique for each substance one thereby gets a fingerprint by which  a sample can be identified.In practice a light source with a well defined frequency and high radiation; a laser, is used to  probe  the  sample.  The  Rayleigh  scattered  light  is  blocked  with  a  notch  filter  or  a  double monochromator arrangement while the rest of the scattered light is frequency separated with a monochromator. Some sort of detector measure the intensity of each frequency and an intensity  peak represents a change in energy level in the sample. Different peaks correspond to different energy states or so called modes.The image that is produced is a graph showing the differences in intensity for different photon energies. The intensity is measured in number of photons or some quantity proportional to that number and the energy is usually expressed in relative wavenumbers.  A wavenumber is the inverse of the wavelength and a relative wavenumber is the same unit but measured relative to a specific zero point. Remaining Rayleigh scattered light will produce a peak called the laser line and this peak is set to be the zero point. The Stokes scattered light will produce a set of peaks on  the low energy side of the laser line and the anti-Stokes scattered light will produce a weaker mirror  image  of  the  Stokes  scattered  light  on  the  high  energy  side  of  the  laser  line.  Most  molecules are in the lowest energy state to start with which means that Stokes scattering is  more prominent than anti-Stokes. However, with raising temperature more and more molecules are in the excited state and the anti-Stokes signal gets stronger. Comparing the intensity of the Stokes and anti-Stokes scattered light can give an estimation of the temperature in the sample [13].
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2.2.3 RESONANT RAMAN SCATTERINGRaman scattering is  as  mentioned a very weak effect  but  it  can be enhanced by a factor  of  approximately 103 by resonance. Resonance is attained when the excitation energy match an actual electronic energy state in contrast to the previously mentioned virtual energy state. In practice  in  Raman  spectroscopic  measurements  on  CNTs,  resonance  is  achieved  when  the excitation energy equal the energy gap between vHSs, or van Hove Singularities, in the JDOS, or  Joint Density Of States in the CNT, concepts that may need some further explanation.The DOS, or Density Of States, is a measurement of the number of states at different energy levels in a system. The JDOS is a measurement of the number of states between the valence band and the conduction band for a given energy separation between the two. A vHS is a peak in the DOS or JDOS. The electronic transition energy, i.e. the energy separation in the JDOS, is usually labelled Eii, where the i:s are numbers that denote that the energy gap in question is between the first, second, third and so on, vHS in the JDOS on each side of the Fermi level [10]. The vHS  result from the 1D structure of the CNTs, this feature cannot be seen in buckyballs and graphene.

Figure 7: The left diagram shows the energy separation between the van Hove singularities in a  metallic CNT and the right diagram shows the same for a semiconducting CNT. The left shaded half in each diagram represents the valence band and the right part represents the conduction band.

Figure 8: The Kataura plot [15] for SWNTs. Dots represent semiconducting and rings represent metallic CNTs. 12



The electronic transition energy is different for CNTs with different chiralities and therefore only those CNTs with electronic transition energies that match the excitation energy are visible  in the Raman spectrum. A diagram called the Kataura plot, named after the Japanese scientist Hiromichi Kataura, show the electronic transition energies for different chiralities calculated in accordance  with  the  tight  binding  model  [15].  The  circumstances  under  which  a  CNT  is  in  resonance are called resonance conditions. The resonance conditions are important to know in the analysis of the CNT spectrum since they predict the shape of the spectrum.2.2.4 THE CARBON NANOTUBE SPECTRUMRaman scattering is generally used to measure the vibrational modes of a molecule. This is also  true in the case of carbon nanotubes. There are four different vibrational energy levels that are studied the most, the RBM-band, the D-band, the G-band and the G’-band. Other Raman active modes are usually of less interest.The RBM-band,  or  the  Radial  Breathing Mode,  is  particularly interesting since  it  gives exact  information about the structure of the CNT. As the name indicates it is a vibration of the entire  tube where the radius of the tube varies as if it was breathing. It is a low energy mode and it is diameter dependent. CNTs with a large diameter appear in the 100 cm-1 region whereas small diameter CNTs appear in the 300 cm-1 region. Since there is a relation between the chirality and diameter there is also a relation between the energy of the RBM peak and the chirality of the tube and this permit high accuracy characterization of samples. The relationship between the  CNT diameter and RBM-peak position can be expressed as [10]:ωRBM=C1/dt + C2 cm-1 (3)The actual relation is dependent on environmental effects and is different for CNTs in bundles compared to individuals and for CNTs suspended in aqueous solutions compared to CNTs in substrates. Another important factor is the differentiation between semiconducting and metallic  CNTs.  Thus the relation should be considered to be an estimation rather than an absolute truth.  However, typical values for the constants are:C1=220±10 C2=15±5

Figure 9: Illustration of the radial breathing mode of a CNT.The G-band show an in plane motion that spring from the graphene structure of CNTs. Graphene show a sharp G-band peak at 1580 cm-1 but the curvature of the graphene structure in CNTs is reflected  in  their  G-band.  The  G-band in  CNTs actually  consists  of  two  different  vibrational  modes and is divided into G+ and G-. These peaks constitute vibrations along the tube axis, called Transverse Optical or TO phonons and along the circumference, called the Longitudinal Optical or LO phonons. For semiconducting tubes the G+-peak come from the LO mode and the G--peak 13



come from the TO mode but for metallic tubes the peak assignment is reversed, i.e. G +-peak come from the TO mode and the G--peak come from the LO mode [16]. The G+-peak can usually be found at 1591 cm-1 but the G--peak is not as well defined since the curvature is different for different CNTs which means that the position of the G--peak depend on the radius of the CNT. The dependence is:ωs=1591 - 47.7/dt2 cm-1 (4)for semiconducting CNTs andωs=1591 - 79.5/dt2 cm-1 (5)for metallic CNTs [17]. Another aspect about the G--peak of metallic CNTs is the Breit-Wigner-Fano (BWF) lineshape. Other Raman active modes are discrete and show a Lorentzian lineshape but due to strong electron-phonon coupling the G--peak  of  metallic  CNTs is broadened and asymmetrical [10, 16]. The reason for this is related to the previously mentioned reversed peak assignment namely electron-phonon coupling; EPC and the presence of a Kohn anomaly. EPC broaden  the  LO  mode  of  metallic  CNTs  and  the  Kohn  anomaly  downshifts  phonons  with significant EPC between electronic states close to the Fermi level, which is only true for the LO  mode of metallic CNTs.

Figure 10: Illustration of the G-modes in a CNT: The vertical arrows show the G+ mode and the horizontal arrows show the G- mode.The above peaks are results of first order Raman scattering meaning that only one scattering event take place. A scattering event may be elastic or inelastic. In Rayleigh scattering that single  scattering event is elastic and the scattered photon will have the same frequency as the incident photon. In the Raman process the scattering is inelastic and a phonon is emitted or absorbed and the scattered photon has a different frequency than the incident one. The D- and the G’-band are  of second order Raman scattering which means that they undergo two scattering events out of which one need to be inelastic. In this situation the incident photon is absorbed by an electron  which then is scattered to a new state and back before relaxation to a lower energy state.  The D-band is a result of one phonon scattering and one elastic scattering event where the electron is elastically  scattered  by  a  defect;  hence  the  name  D-band.  The  D-band  intensity  is  strongly  dependent on the amount of defects in the CNT lattice and can among other things be useful in  determining the amount of impurities attached to the CNT surface. The D-band is usually used to measure of the quality of the CNTs by taking the D/G+ peak intensity ratio, a smaller value means less defects in the CNTs. The G’-band is the overtone of the D-band meaning that it is inelastically  scattered twice and thus have a Raman shift twice that of the D-band. The D- and G’-bands are highly dispersive meaning that their frequency depend on the excitation energy but they will typically show up at 1350 cm-1 and 2700 cm-1 respectively [10].
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Figure 11: Raman spectrum of bundled arc-discharge produced CNTs. 
2.3 HEATING CARBON NANOTUBESUnderstanding thermal properties of CNTs is essential to studies of CNT overheating. One would  not  expect  that  CNTs  can  be  overheated  easily  given  the  measured  thermal  transport  in individual CNTs but as the system gets more complex more factors come into play that may be  disadvantageous to the CNTs.2.3.1 THERMAL PROPERTIESExperiments of thermal conductivity (κ) have been performed in which a single CNT has been grown  across  a  trench  so  that  a  part  of  it  is  freely  suspended  with  no  contact  with  its surroundings. The results show that SWNTs can conduct 2400 W/m*K; a κ value higher than that  for  diamond [18].  If  however the CNTs are bundled the thermal conductivity is  greatly  reduced. Similar studies on small bundles of 4-5 CNTs show that the thermal conductivity for such bundles can be as much as 20 times smaller [19].

Figure 12: Schematic image of a CNT suspended over a trench.
15



These numbers hold true if the CNTs are isolated but if the CNTs are in contact with a substrate  then that substrate will also affect the thermal conductivity. κ increase with the length of the CNT as Lβ where L is the nanotube length and β is a constant that depend on the diameter of the  nanotube and is higher for smaller CNTs.  The dependence indicates that κ grows to infinity with  the length of the CNT but actually the growth of κ slows down as L increases and that saturation  is due to the effect of the substrate. The heat is transported through the CNT by hot phonons but these phonons thermalize through interphonon scattering processes with a certain probability giving rise to a decay length for the phonons. As the phonons thermalize, they heat the lattice of the tube where later the heat is dissipated to its surroundings.  If the CNT is not isolated the decay length of the hot phonons is greatly reduced and thermalization occurs at an earlier stage  which reduces the thermal conductivity [20, 21, 22].The 1D structure of the CNTs is important to consider. The thermal conductance along the tube is as high as stated but across the tube it can be more than 100 times lower [23]. Another factor  is  the  presence  of  impurities,  defects  and  soot.  These  imperfections  reduce  the  thermal  conductivity of CNTs [24, 25] in a similar manner as described above.There  is  a  strong  relation  between  the  thermal  conductivity  of  a  sample  and  its  ability  to dissipate  heat.  If  a  sample  is  unable  to  dissipate  heat  in  the  same  rate  as  it  is  heated  the temperature will rise until equilibrium between heating and heat dissipation is reached.2.3.2 HEATING EFFECTSWhen a molecule is heated its internal vibrations increase and as a result the inter-atomic bond  length in the molecule increase. This leads to a weakening of the inter-atomic bond strength and  that can be seen in the spectrum of the molecule as a downshift of the peak positions of the affected  vibrational  modes  [26,  27].  The  downshift  of  the  G+-peak  of  CNTs  is  of  particular interest since it has been calibrated; and shows a linear relation to the temperature increase of  the nanotube. The downshift is about 0.01-0.03 cm-1/K depending on CNT chirality and amount of impurities (residual catalysts) with an average of approximately 0.025 cm -1/K [28, 29, 30]. This knowledge can be used to calculate the CNT sample temperature from the evolution of the  G-band. Also the RBM-, D- and G’-band shift with temperature but here the relation between temperature and peak shift  is  more complex.  Since the D- and G’-bands are dispersive their frequency does not  only depend on temperature but also on excitation energy [31].  For the  RBM-band the complicating factor is that the increase in bond-length is not matched by the increase in tube radius leading to an out-of-plane bond bending. The bending of the bonds tend to upshift the RBM frequency so that the overall shift can be positive, negative or zero depending  on the chirality of the tube [32].Another important effect of heating is the shift of the resonance window. The Kataura plot in figure 8 shows the energy at which a certain CNT is in resonance. The difference between the excitation energy and the resonance energy cannot be more than ~4 meV for individual CNTs and ~60 meV for bundled CNTs before it goes out of resonance. This narrow energy band is  known as the resonance window. Upon heating this resonance window will redshift because the distance;  Eii between the vHS decreases  with  temperature [33].  The redshift  is  different  for  different CNTs, the average redshift is ~70 meV but the range is ~20-140 meV [34]. This shift  causes the RBM spectrum to look different upon heating since new CNTs come into resonance  while others go out of resonance.An  external  effect  is  the  degassing  of  adsorbed  molecules  on  the  CNTs  surface.  Oxidizing  molecules adsorbed to the CNT surface dampen the Raman signal. If the sample is exposed to air  it  will  adsorb water,  oxygen  and other  oxidizing  agents  and therefore  its  Raman signal  will 16



gradually deteriorate. The adsorbate can however easily be removed by thermal annealing of the sample [34].2.3.3 LASER HEATINGThere are three factors that are critical in the process of laser heating; light absorbance, thermal  conductance  and  heat  dissipation.  Thermal  conductance  and  heat  dissipation  are  discussed above. CNTs that are in resonance absorb the photon energy in a much grater extent than those  that are not in resonance [35].  Also, amorphous carbon and other impurities can absorb the laser energy more efficiently than CNTs [25]. Given a degree of light absorption an increase in power density will after a certain point result in a rise in sample temperature. At high enough levels the temperature will cause more or less irreversible chemical and/or structural changes in the sample.2.3.4 NANOTUBE DESTRUCTIONCNTs are extremely durable but when unable to dissipate heat they will eventually overheat and  be destroyed. In bundles the weak intertube connections prevent effective heat dissipation and thus the temperature in the CNTs can rise significantly. The process of destruction of CNTs is not yet fully understood but it is believed that oxidation and hence functionalization or ablation [25,  35] is an important contributing factor. Functionalization of a CNT is when a molecule of some sort chemically binds to the sidewall of the CNT. Functionalization should not be confused with  the adsorbance of molecules described above; functionalization implies strong covalent bonds whereas adsorption implies  van der Waals  bonds.  Functionalization does not  mean that  the  CNTs are destroyed but it can give the impression that they are destroyed since it decreases  their Raman signal for all peaks except the D-band as described in section 2.2.4. Ablation will  reduce the Raman signal for all peaks and thus functionalization and ablation can be separated.Tests of the effect of high temperatures on CNTs in vacuum show that at temperatures above  1300 °C the CNTs fuse to form larger diameter tubes and at even higher temperatures they transform into MWNTs. Interestingly, there seems to be a difference in the behaviour between samples  with  different  sample  diameter  distribution.  One  conclusion  is  that  1.4  nm  is  the smallest diameter nanotube to withstand coalescence in the temperature range studied. Another conclusion is that samples with a wider diameter distribution tend to rearrange the C-C bonds chaotically and thus produce amorphous carbon [36].
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3 OBJECTIVEThe purpose of the experiment is to gain further insight into the intrinsic properties of carbon  nanotubes. Focus is put on the effect of high power laser irradiation on bundled CNTs and the goal is to study the influence of the environment chemistry on the process of CNT destruction  from laser  heating.  We believe that  oxidation is  an important  factor  in the CNT destruction process  and  that  removing  oxygen  will  reduce  the  CNT  destruction.  The  idea  behind  the experiment is that conclusions can be drawn by studying spectra taken before, during and after  high power laser irradiation on bundled CNTs in air  and comparing them to similar spectra taken with CNTs in an argon environment.It is important to comprehend the CNT destruction process in order to be able to understand measurement results when high laser power is required and to avoid misinterpretations of the Raman data due to excessively high laser power. It may also show that higher laser power can be  used if the risk of oxidation is decreased by placing the sample in an oxygen free environment.  Another interesting question is whether CNTs of different chiralities are affected differently.Previous reports on the same line have suggested that CNT destruction depends on whether they are metallic or semiconducting [37],  while others suggest that size of  the CNTs may be important [38]. PhD student David Olevik started a project to further investigate this important problem. This thesis is a continuation of his work and the results from his measurements [39]  are added in this report.
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4 EXPERIMENTThe experiment was performed during spring and late summer of 2008 in the High Pressure Spectroscopy  Laboratory  at  Luleå  University  of  Technology  under  supervision  of  Professor Alexander  Soldatov and PhD  student  David Olevik.  The  laboratory  is  properly  equipped for sample  preparation  and  Raman  spectroscopic  measurements  with  two  different  lasers  in  a number  of  different  conditions  such  as  high  pressure,  high  temperature  and  inert  gas environment. 
4.1 SAMPLESThe  studied  samples  consisted  of  CNTs  produced  in  two  different  ways  according  to  the descriptions below. The samples were prepared by dissolving the CNTs in DMF and putting a  droplet  of  the  solution on a  glass  slide.  The  liquid  was allowed to  evaporate  and the CNTs remained as thin film on the glass slide. 4.1.1 HIPCO CARBON NANOTUBESThe High Pressure Carbon monOxide disproportionation process is a high yield technique for small size SWNT production. Carbon monoxide, CO, is, as the name implies, the carbon source. A  small amount of an iron containing catalyst in the form of Fe(CO)5 is blended with the CO and the mix flow through a heated reactor. The stoichiometry of the process:
The  size  and  diameter  distribution  of  the  CNTs  can  be  roughly  selected  by  controlling  the  pressure of the CO and nanotubes as small as 0.5 nm and as large as 2 nm can be produced. The  expected diameter is usually around 1 nm, the yield is around 70% and the sample purity is  high; around 97%. The CNTs are generally packed into ropes but the wide diameter range makes the packing less than optimal and each CNT is surrounded by 4-6 other CNTs depending on the diameter of the surrounding tubes [40].4.1.2 ARC-DISCHARGE CARBON NANOTUBESArc-discharge is a common method, it is a more crude technique that requires purification of the  product but it is also rather simple to undertake. The technique is based on a high temperature discharge between the tips of two carbon rods placed closely together. The distance between the  rods is approximately 1 mm, the driving voltage is about 20 V and the current is 50-100 A. The process take place in an enclosure filled with an inert gas at a low pressure, around 50-700 mBar. The discharge vaporises one of the rods and deposit the carbon on the other rod in the  form of CNTs. By changing parameters such as the composition of the gas, the gas pressure and  the current and also by adding different catalysts one can produce CNTs of different sorts and  sizes.  Also the  yield and the purity  of  the product  can be affected.  In general  though,  CNTs produced by arc-discharge have a larger average diameter; 1.4 nm but a smaller diameter range;  1.2-1.8 nm, than HiPCO CNTs. They have lower sample purity; 70-90% and are often triangularly packed into ropes which is an efficient way of  packing where each CNT is surrounded by 6  neighbouring CNTs [40].
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4.2 EXPERIMENT PROTOCOLThe experimental protocol is a guide through the experiment and through the analysis of the results. The experiment plan help structure the experiment so that the property that is to be studied  is  properly  isolated.  The  experiment  plan  gives  the  resonance  conditions  and  the resonance conditions state which CNTs are expected to be seen. These expectations can then be compared with the actual results of the experiment and conclusions can be drawn. 4.2.1 EXPERIMENT PLANIn the experiment three different variables, each with two different values, are altered which result in eight different setups. One variable is the environment surrounding the sample. Air and argon atmospheres are used; a variable that allow for studying the influence of  oxygen.  The second variable is  the laser frequency where we have a 1.96 eV and a 2.33 eV laser at our  disposal. The third variable is the sample itself where arc-discharge and HiPCO CNTs are used; these are presented in section 4.2. The two latter variables allow for the study of different effects on different CNTs but the third variable will  also be influenced by the differences in sample  purity between the HiPCO and Arc-discharge CNTs.The idea is to expose the CNTs to high laser power density irradiation (high PD treatment) and to compare spectra taken before and after the high PD treatment. The spectra taken before and after the high PD treatment are called reference spectra, or simply REF spectra, since the power density in these is low enough to not cause any damage to the CNTs [41]. Spectra taken during the  high  PD  treatment  are  called  high  PD  spectra  or  MAX spectra.  In  practice  the  high  PD treatment  is  interrupted  a  couple  of  times  in  order  to  take  reference  spectra  so  that  the development over time can be studied. A scheme over the power density change over time for each setup is shown before the presentation of the results for that setup. An example with just  one heat treatment interval is shown below.

Figure 13: Typical time/PD protocol for laser heating experiment.4.2.2 RESONANCE CONDITIONSAs described in chapter 2 different CNTs are in resonance with different excitation energies and  the Kataura plot shows this relation. However, other variables also play a role in the resonance conditions;  factors  that  can  alter  the  transition  energies  for  the  different  CNTs.  Substrate, temperature,  solvent  and  degree  of  dispersion  act  as  external  perturbations  to  the  CNTs resonance conditions.  These perturbations can complicate the analysis of the spectra but are luckily very small in most situations. Nevertheless, during the MAX conditions the heating is so severe  that  the  resonance  conditions  are  altered  and  with  them  the  Raman  spectra.  The resonance conditions for REF conditions for the 1.96 eV and 2.33 eV laser are shown below. The  20



plots are compilations of experiment results from different articles [33, 42, 43]. A dot represents  a  CNT chirality  and shows its  resonance  energy at  which it  is  the  most  easily  detected.  Its  distance to the excitation energy show how well it is in resonance and an approximation of the resonance window is given by the thin horizontal lines. The plots come from measurements of individual CNTs in suspension, for the experiment at hand it is necessary to compensate for the redshift of about 50-150 meV that occurs in bundling of the CNTs and it is also necessary to consider an even further redshift for the MAX spectra where the temperature rises significantly  due to laser heating. The bundled state of the CNTs has been taken under consideration when determining the width of the resonance.

Figure  14: Resonance window for 1.96 eV laser (left) and 2.33 eV laser (right).  M stands for metallic and S for semiconducting. The plots are compilations of data from different articles [33,  42, 43].4.2.3 TEMPERATURE ESTIMATIONThe temperature in the sample vas estimated using the relation between temperature and G-band position described in section 2.3.2. The coefficient used was 0.025 wavenumbers/K and the accuracy in the temperature estimations is about ±40 °C assuming that the coefficient is  correct. Read the appendix for more information about the temperature calcualtions.
4.3 EQUIPMENTAn advanced system with lasers, fibre optics, microscope, spectrometer, and computer is needed in order to produce high precision, reliable data. It is important to know the details about ones equipment in order to correctly interpret results and appreciate error margins.4.3.1 CRM-200The Confocal Raman Microscope CRM-200 from WiTec is an advanced system that is used for  high  precision Raman measurements.  It  is  a  complete  system  that  includes a  microscope,  a  spectrograph and a computer with the appropriate software to process the data. Measurements can be made in a single spot or over a region.  A lateral resolution in the sub-micrometer regime  is possible. An area can be studied in detail with spectral imaging as well as in a single frequency  with fast imaging.  Images can be analysed in a number of different ways by basing them on  different parameters. Also 3D images with a spatial resolution of 200 nm can be produced. 21



Figure 15: A schematic drawing of WiTec CRM-200, confocal imaging system.4.3.2 LASERSTwo different lasers are available and used in the measurements, one green and one red, 2.33 eV and 1.96 eV respectively. Spectra Physics Millennia V is a 2.33 eV, or 532 nm, diode pumped continuous wave laser with a selectable output power in the range of 0.2-5 W. The 1.96 eV, or 632.8 nm, laser is a helium-neon laser from Coherent incorporated with an output of 35 mW. The output of both lasers can be reduced with a shutter and set with the help of an optical power  meter. Both lasers are connected to the CRM-200 with a single mode fibre.4.3.3 GAS FLOW CELLThe flow cell is a small metallic container with one window and two air holes. The sample is  placed  in  the  container  and measurements  are  performed by shining  the  laser  through  the window. The air holes are used to control the atmosphere around the sample by for instance allowing air to flow freely or by connecting a gas tube with argon and thereby effectively remove the air.The argon is provided by an argon gas tube in an assembly normally used to provide pressure  regulation.  A  system  of  valves  allows  for  refilling  the  tube,  to  apply  a  selectable  amount  of 22



pressure at the output of the system and to release pressure. A small pressure gave a slow but  steady argon flow.
Microscope 

objective

Sample

Laser

Argon flow in

Argon flow out

Microscope 
objective

Sample

Laser

Argon flow in

Argon flow out

Figure 16: Schematic scheme of the gas flow cell.
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5 RESULTS AND DISCUSSIONThe SWNTs were prepared by ultrasonically dispersing them in Dimethyl Formamide (DMF) (1 mg/ml) during 30 minutes and then placing a droplet of the solution on a glass slide where it  was allowed to evaporate in a 50° C oven. The prepared sample was placed in the gas flow cell  which was then placed under the microscope and a spot on the sample with a strong Raman signal was located. Thus the experiment setup was ready.The first step was to take high resolution reference spectra for the RBM and G-band. For the REF  spectra the laser power was set to give a power density of 6.2 kW/cm2 on the sample. This value was established through tests and was confirmed to be a non-destructive irradiance. The next step was to start the high power density irradiation on the sample and so the laser power was  set at maximum. MAX spectra of the RBM and G-band were taken in the beginning and end of the high power density treatment.  The power density was 100 kW/cm2 and the duration of the treatment was predetermined and set in accordance with when changes in the spectra were expected to be perceivable. After the treatment the sample was allowed to cool down before a  new set of REF spectra were taken. The process was then repeated until the desired total high power irradiation time was reached.The next step was to attach an argon source to one of the flow cells connections and dip the other one in a water bottle. The air in the flow cell was removed with the argon and a slow but  steady  argon  flow  was  established.  The  fact  that  the  second  connection  was  below  water guaranteed that no air could enter the flow cell. A new spot on the sample was located and the heat treatment was repeated in an inert gas environment.The above procedures were executed for both samples with both lasers and the results  are  presented below.
5.1 HIPCO CARBON NANOTUBESExtended studies have been made of the HiPCO sample and it is considered to be the primary  sample on which conclusions are drawn.5.1.1 SAMPLE IRRADIATED WITH 1.96 EV LASERThe cornerstone of the experiment is the study of the HiPCO sample with 1.96 eV laser. Two  experiments were performed with different heat treatment intervals. The first run was made with long periods of high PD treatment at a time but analysis showed that a second run with  shorter time steps was needed in order to better resolve the destruction of the smallest CNTs. With  the  1.96  eV  laser  we  see  both  semiconducting  and  metallic  CNTs  even  though  the semiconducting  ones  are  more dominating  in the  reference spectra.  The  high  PD  treatment intervals for the two different runs are shown in figure 16.
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Figure 17: Power density variation with time for long time high power density treatment (left)  and for short time high power density treatment (right). SAMPLE IN AIRAs the CNTs are destroyed we expect to see a decrease in intensity of the Raman spectra and the experiment confirms this. Looking at the reference condition (fig. 18) RBM-band of the long time step spectra we clearly see the expected intensity decrease. Since the shape of the RBM-band changes this means that CNTs of different diameter are affected differently. We note that small diameter CNTs are more affected than large diameter CNTs. In particular the peak at 285 cm -1 has almost completely disappeared already after 364 minutes. On the other end of the spectrum we see that the signal from the large diameter CNTs actually has increased a bit.  The Raman signal from nanotubes smaller than 1.15 nm in diameter decreases in intensity whereas the signal from the larger ones increases. It is likely that the initial spectrum is somewhat dampened by impurities, mainly water vapour, adsorbed by the sample. As these impurities are evaporated by the heating of the sample the Raman signal increases. In the high frequency end of the RBM spectrum the Raman intensity decrease because the CNT destruction of small CNTs outweighs the effects of desorption but since there is no or very limited destruction of large CNTs, the low frequency end of the figure the intensity increases with time. The G-band reference conditions also reveal a decrease in intensity. The G-band decrease gives a view of the total CNT destruction  since the G-band peak position is less dependent on CNT diameter.The short time step measurements were executed in order to increase the resolution of the destruction of small diameter CNTs. The sample was at this time older and may have adsorbed more impurities such as water vapour than what was the case in the long time step experiment.  This aging of the sample causes the Raman spectra from it to look slightly different than for the ones from when the sample was fresh. Comparing the 0 minute reference condition (fig. 19) RBM-spectra  from  the  two  experiments  some  differences  can  be  noted  but  after  an  initial  increase in intensity in the spectra in the short time step experiment due to degassing where  impurities  are  evaporated  the  differences  between them  decrease.  The  peak  at  285 cm -1 is however  a notable  exception,  there  is  no  initial  increase instead it  start  to decrease almost  immediately. The G-band spectrum is less sensitive to degassing, it also show that the Raman signal increase in intensity initially but the increase is much smaller and it  is followed by a decrease indicating CNT destruction.Spectra were also taken during the high PD treatment (fig. 20) and looking at these spectra we note  the  interesting  fact  that  the  small  diameter  CNTs  that  are  destroyed  during  high  PD treatment are not in resonance at high PD. The desorption process can now be seen also for the long time step spectra. The intensity of the RBM-band increase between the 1 min spectrum and the 43 min spectrum, thereafter it decreases. There are however notable exceptions; in the 180-200 cm-1 range of the spectra there is an increase throughout the session while the 235-250 cm -1 range decrease already from the beginning. These signs indicate that different CNTs are affected  differently  and  that  large  diameter  CNTs  are  less  affected  than  small  diameter  CNTs.  The increase at 180-200 cm-1 could be due to a change in resonance conditions stemming from the 25



change in temperature but given the results for the REF spectra it considered to originate in a degassing process. The decrease at 235-250 cm-1 however could well be caused by a change in resonance conditions. The G-band shows a change in shape as well and it is especially interesting to note  change in the G--peaks indicating a change in the relation between the metallic  and semiconducting CNTs. The short time step high PD spectra (fig. 21) show the same decrease for the 235-250 cm-1 range but apart from that there is an overall increase due to degassing. The G-band show very little changes but a slight change in shape of the G--peaks.

Figure 18: Variations in spectra with time for RBM-band (left) and G-band (right) for the long time step measurement [39]. M stands for metallic and S for semiconducting CNTs. 

Figure 19: Variations in spectra with time for RBM-band (left) and G-band (right) for the short time step experiment. M stands for metallic and S for semiconducting CNTs.

26



Figure 20: Variations in spectra with time for RBM-band (left) and G-band (right) at high laser power for the long time step experiment [39]. M is for metallic and S is for semiconducting CNTs.

Figure 21: Variations in spectra with time for RBM-band (left) and G-band (right) at high laser power for the short time step experiment. M stands for metallic and S for semiconducting CNTs.SAMPLE IN ARGONThe argon protects the CNTs from oxidation and therefore we expect to see fewer signs of CNT destruction in these spectra. The long time step reference condition (fig. 22) RBM-band spectra confirm our expectations. In fact the intensity increases throughout the measurement for the entire RBM-band except for the 285 cm-1 peak which decrease slightly. Degassing increase the signal but it is not clear by how much so there could still be some CNT destruction and for the smallest CNTs it is definitely so. Even though the sample is placed in an inert environment there may still be previously adsorbed oxygen in the sample that can react with the sample at high temperatures. It is in any case clear that the results are quite different than the results for the run in air. The G-band spectra increase in intensity as well and back up the idea that oxidation  cause CNT destruction.The short time step reference spectra (fig. 23) provide a better view of the degassing process and it  seems as though it  is  a  quick procedure since  they only  show small  changes after  4  minutes of high PD treatment. The G-band on the other hand reaches peak intensity after 33 minutes and the decrease thereafter is an indication that there actually is some CNT destruction  but again the change is small and so the CNT destruction is not evident.
27



The high PD spectra (fig. 24) seem to conform to the results from the reference spectra. Peak  intensity increase slightly for both RBM- and G-band which is what is expected when we have degassing but no or only little CNT destruction. It may also be noted that the G-band change shape but there is no obvious shift which means that the temperature is stable.The RBM-band results for the short time step run (fig. 25) are quite similar to the ones for the long  time  step  run;  one  exception  is  the  235-250  cm-1 range  of  the  spectra  which  is  not increasing but rather decreasing. The changes there are within error limits so it is not possible  to  draw  any  conclusions  from  this  but  from  the  run  in  air  we  suspect  that  variations  in  temperature thereby resonance conditions may be the cause of this discrepancy. For the G-band we see an increase during 33 minutes, followed by a decrease indicating CNT destruction. There is a contradiction in having a decrease in the spectra in the short time frame run but not in the  longer time frame run. It is again difficult to draw any conclusions since the changes are within the error margins and can be explained by laser power variations but it may be so that since the  sample was older in the short time step experiment it may have adsorbed certain amounts of oxygen that cause oxidation of the sample in spite of the inert environment.

Figure 22: Variations in spectra with time for RBM-band (left) and G-band (right) for the long time step experiment [39]. M stands for metallic and S for semiconducting CNTs.

Figure 23: Variations in spectra with time for RBM-band (left) and G-band (right) for the short time step experiment. M stands for metallic and S for semiconducting CNTs.
28



Figure 24: Variations in spectra with time for RBM-band (left) and G-band (right) at high laser power for the long time step experiment [39]. M is for metallic and S is for semiconducting CNTs.

Figure 25: Variations in spectra with time for RBM-band (left) and G-band (right) at high laser power for the short time step experiment. M stands for metallic and S for semiconducting CNTs.

Figure 26: Temperature variations with time for experiments on HiPCO CNTs with 1.96 eV laser in air and argon environment. The short and the long time high power density treatment data has been scaled to the same start temperature and merged in the same plot. 29



Temperature  is  an  important  factor  in  CNT  destruction  and  it  is  interesting  to  know  the temperature at which this destruction occurs. As CNTs are destroyed fewer CNTs can absorb the  incident energy so the temperature falls and less CNT destruction occurs. The temperature (fig.  26) of the sample in argon remain at 450 degree Celsius throughout the experiment while the temperature of the sample in air drops first rapidly from 400 to 350 degrees then more slowly from 350 to 300 degrees and then even slower from 300 to 270 degrees.CONCLUSIONS: HIPCO CNTS, 1.96 EV LASERThe image that emerges from the above results is that the small diameter CNTs are destroyed while the ones larger than 1.15 nm in diameter are principally unaffected and that  an inert environment protects the CNTs from destruction indicating that oxidation play an important role. Figure 26 shows this trend from a different perspective; the temperature drops for the  CNTs treated in air since they are destroyed and can no longer absorb heat while the CNTs treated in argon keep approximately the temperature even after 15 hours of high laser power illumination.5.1.2 SAMPLE IRRADIATED WITH 2.33 EV LASERWith the 2.33 eV laser we see almost nothing but metallic CNTs both in the reference spectra  and in the high PD spectra. There has not been any extra short time step measurement with the 2.33 eV laser but one more reading after one hour was added to begin with. The power density  variation with time is shown below.

Figure 27: Power density variation with time for the experiments with 532 nm laser.SAMPLE IN AIREven though the power density is approximately the same for both the 1.96 eV and the 2.33 eV laser we expect the 2.33 eV lasers higher energy photons to cause more damage. The reference spectra (fig. 28) confirm this expectation and already after 374 minutes of irradiation there are  almost no unaffected CNTs left.  Both the RBM-band and the G-band show an immediate and strong decrease in intensity. It is interesting to note that the peak at 190 cm-1 decrease more slowly than the other peaks, the peak is however rather small and it is therefore not evident that  it actually is less affected but given the results above it is likely that it is so. The CNTs giving rise  to the less affected 190 cm-1 peak have a large diameter and support previous data but on the other hand we expect it to be less affected also due to the fact that it is weak; a sign of poor resonance.The high PD spectra (fig. 29) show the same thing and confirm the results from the reference spectra. Here the peak at 190 cm-1 is larger and we see that it is in resonance at this temperature. The results are the same which support the previous results that indicate that smaller CNTs are more affected than larger ones. The high PD G-band spectra show a significant shift showing that the temperature is dropping in the sample during the run. 30



Figure 28: Variations in spectra with time for RBM-band (left) and G-band (right). M stands for metallic and S for semiconducting CNTs.

Figure 29: Variations in spectra with time for RBM-band (left) and G-band (right). M stands for metallic and S for semiconducting CNTs.SAMPLE IN ARGONThe run with 1.96 eV laser supported the theory that argon protects from CNT destruction and with the 2.33 eV laser it becomes even more evident. At reference conditions (fig. 30) the signal intensity of the RBM-band increase significantly during the first 370 minutes, presumably due to degassing, before it starts to decrease again due to CNT destruction. Note also that the peak at 295 cm-1 decrease in intensity already after 62 minutes supporting earlier statements that small diameter CNTs are easily overheated. The G-band shows a similar trend; the G --peak increase in intensity between the 0 and 370 minute spectra but decrease again in the last step while the G+-peak increase between the 62 and 370 minute spectra before decreasing in the last step.The RBM-band high PD spectra (fig. 31) show that the small diameter CNTs with a peak at 260 cm-1 are far more affected than larger diameter CNTs with a peak at lower wavenumbers. The trend described above for the G-band at reference conditions with an initial intensity decrease followed by an increase in intensity can be seen here for both the G-band and parts of the RBM-band. We present no explanation for that behaviour at this stage but looking at the total CNT destruction these results seem to confirm the theory that small CNTs are more sensitive than larger ones. 31



Figure 30: Variations in spectra with time for RBM-band (left) and G-band (right). M stands for metallic and S for semiconducting CNTs.

Figure 31: Variations in spectra with time for RBM-band (left) and G-band (right) at high laser power. M stands for metallic and S for semiconducting CNTs.

Figure 32: Temperature variations with time for experiments on HiPCO CNTs with 2.33 eV laser in air and argon environment.The temperature graph (fig. 32) for the 2.33 eV laser shows similarities to the one for the 1.96  eV laser; the temperature drops when the high PD treatment is conducted in an air environment  but  is  more  or  less  stable  for  the  argon  environment.  One  clear  difference  is  that  the 32



temperature drop for the air experiment is higher with the 2.33 eV laser; from 550° C to 150° C compared to a drop of 400° C to 270° C. Another difference is that the temperature drops in the  last  step  of  the  argon  experiment  indicating  that  CNT  destruction  occurs  also  in  inert environments if the temperature is high enough.CONCLUSIONS: HIPCO CNTS, 2.33 EV LASERThe experiment with the 2.33 eV laser confirm the results from the experiments with the 1.96 eV laser and also show that the photon energy is important for the rate of CNT destruction and that  CNTs can be destroyed by heat in an inert environment if the temperature is high enough. CNTs with diameter above 1.25 nm are affected the least and those with diameter above 1.1 nm are affected the most in both air and argon.
5.2 ARC-DISCHARGE CARBON NANOTUBESThe arc-discharge CNTs are less pure than the HiPCO CNTs and therefore two more factors come into play in this sample; the effects of metallic particles and amorphous carbon.5.2.1 SAMPLE IRRADIATED WITH 1.96 EV LASERFor  the  arc-discharge  sample  we  see  mainly  metallic  CNTs  with  the  1.96  eV  laser.   The conditions are therefore opposite of those for the HiPCO sample which may help show possible differences between metallic and semiconducting CNTs. However, the difference in size and the difference in sample purity are likely to have a larger effect than the electric properties and it may be difficult to separate one variable from another.SAMPLE IN AIRAs with the HiPCO sample we expect to see CNT destruction when the sample is in air but in fact  there seem to be no signs of this happening. Both the RBM-band and the G-band spectra (fig. 33) show  signs  of  degassing  but  after  this  the  changes  in  intensity  are  minor.  In  the  last  RBM spectrum there is a slight intensity decrease of the peaks around170 cm-1 and also the last G-band spectrum is somewhat reduced but there is no clear evidence of CNT destruction.The high PD spectra (fig. 34) on the other hand show a more distinct intensity decrease, the peaks above 170 cm-1 are clearly decreasing. The G-band decreases as well and this is enough to  conclude a small degree of CNT destruction. As for the case with HiPCO produced CNTs the CNTs with diameter below 1.15 nm are destroyed to a higher degree than CNTs with larger diameter and CNTs with diameter above 1.35 nm are almost completely unaffected.It is not obvious why the arc-discharge CNTs are largely unaffected by oxidation and we do not present any explanation here but point out that impurities may be preferentially oxidized and since the arc-discharge sample is less pure than the HiPCO sample it would then be less affected. Other differences are nanotube diameter; which already has been concluded to be important and  electric  properties.  There  is  a  difference  in  electric  properties  between  the  CNTs  in resonance with the 1.96 eV laser compared to those in resonance with the 2.33 eV laser for the  HiPCO sample but we have ascribed the difference in results to the difference in photon energy  rather than to the difference in electric properties and seeing that metallic arc-discharge CNTs are  largely  unaffected  with  the  1.96  eV laser  we  stand  by  that  conclusion  even though  the importance of CNT diameter cannot be ignored.
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Figure 33: Variations in spectra with time for RBM-band (left) and G-band (right) [39]. M stands for metallic and S for semiconducting CNTs.

Figure 34: Variations in spectra with time for RBM-band (left) and G-band (right) at high laser power [39]. M stands for metallic and S for semiconducting CNTs.SAMPLE IN ARGON

Figure 35: Variations in spectra with time for RBM-band (left) and G-band (right) [39]. M stands for metallic and S for semiconducting CNTs.
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Figure 36: Variations in spectra with time for RBM-band (left) and G-band (right) at high laser power [39]. M stands for metallic and S for semiconducting CNTs.

Figure 37: Temperature variations with time for experiments on arc-discharge CNTs with 1.96 eV laser in air and argon environment.The expectation was as previous that argon would protect from CNT destruction but with almost no CNT destruction in air we expect the results to be the same as in air. It seems however, when  looking at the spectra (fig. 35), that the CNT destruction is greater in argon than in air for arc-discharge CNTs; there are evident signs of CNT destruction in both the RBM-band and the G-band spectra. Like in previous cases with CNT destruction it seems as though the small diameter  CNTs are more affected than the larger ones.The high PD spectra (fig. 36) confirm the results from the REF spectra and it is evident that there is more CNT destruction in argon than in air for arc-discharge CNTs. From the G-band spectra it  can be concluded that the temperature is dropping for the sample in argon (fig. 37) and the change in shape of the RBM-band spectra should be seen in the light of the fact that the since resonance  conditions  change  with  temperature  the  shape  of  the  RBM-band  change  with temperature.The temperature (fig. 37) development is the opposite of what was seen for the HiPCO CNTs and it seems as though an inert environment may be more harmful than air to the CNTs. The fact that the starting temperature for the sample in argon is higher than the starting temperature for the sample in air may point at one possible explanation; small errors in equipment handling can 35



cause large differences in results in this kind of long time experiments, if the sample in air was slightly out of focus the power density is slightly less and that could cause the differences we see. Another explanation is the evaporation of impurities; the arc-discharge sample contains more impurities in the form of amorphous carbon, if these impurities are oxidized the CNTs will show a stronger signal but if they are not oxidized they may react with the CNTs and deteriorate their  signal.CONCLUSIONS: ARC-DISCHARGE CNTS, 1.96 EV LASERA result showing no difference between the sample in air and the sample in argon is what was expected since the CNTs are bigger and from previous experiments it can be concluded that the  larger CNTs are less affected. The results contradict what was expected and are opposite of the  previous results with the HiPCO sample. The CNTs in air seem to remain unaffected while the CNTs in argon are destroyed.5.2.2 SAMPLE IRRADIATED WITH 2.33 EV LASERWith the 2.33 eV laser we see semiconducting CNTs which again is the opposite of the situation  for HiPCO.SAMPLE IN AIRThe situation is the same with arc-discharge and 2.33 eV laser as it was with the same sample with the 1.96 eV laser; we expect to see CNT destruction but see no evidence of such a process taking  place.  The  intensity  of  the  RBM-band  (fig.  38)  spectra  increases  throughout  the experiment  with  the  exception  of  the  peak  at  190  cm -1.   Also  the  G-band  shows  the  same behaviour.When looking at the high PD spectra (fig. 39) it seems as though the intensity of the RBM-band  spectra increase significantly in the beginning and then decrease to stabilize at intensity lower than the initial spectrum. The G-band shows a similar behaviour.The behaviour of the peak at 190 cm-1 match the previously noted difference between CNTs with large diameter compared to those with small diameter.  In this case diameters below 1.3 nm seem to be unfavourable for the CNTs.It  is  interesting  to  note  the  difference  in  behaviour  between the  low  and  high  PD  spectra.  Looking at the low PD spectra we would conclude that there is no CNT destruction but the high  PD spectra tell a different story. We believe that the cause of this is degassing; that there actually is  a  certain  degree  of  CNT  destruction  but  that  the  low  PD  spectra  is  more  perturbed  by  adsorbed molecules than the high PD spectra. Other possible explanation could be a complex behaviour of resonance conditions where CNTs that are in resonance at high temperatures are  destroyed while CNTs in resonance at low temperatures are unaffected.
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Figure 38: Variations in spectra with time for RBM-band (left) and G-band (right). M stands for metallic and S for semiconducting CNTs.

Figure 39: Variations in spectra with time for RBM-band (left) and G-band (right) at high power density. M stands for metallic and S for semiconducting CNTs.SAMPLE IN ARGONIt seems that the results for arc-discharge CNTs in argon are the same for the 2.33 eV laser as they were for the 1.96 eV laser. The RBM-band spectra (fig. 40) initially increase in intensity and  thereafter  it  decreases.  The  behaviour  is  the  same  for  the  G-band.  This  indicates  degassing followed by CNT destruction, i.e. the behaviour is again the opposite of what was expected and of that of the HiPCO CNTs.About the high PD spectra (fig. 41) we note that there is an increase in intensity between the 72 minute spectrum and the 182 minute spectrum of the RBM-band, the increase is however not  substantial enough to exclude measurement error. The G-band shows a similar behaviour.We see a similar behaviour for the arc-discharge sample with the 2.33 eV laser as with the 1.96 eV laser but with the 1.96 eV laser metallic CNTs are in resonance while semiconducting tubes  are  in resonance for  the  2.33 eV laser.  We have previously  concluded that  a  higher  photon energy cause more destruction but it could be that the electric properties are important as well and that the effect of higher photon energy and different electrical properties cancel each other. 
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Figure 40: Variations in spectra with time for RBM-band (left) and G-band (right). M stands for metallic and S for semiconducting CNTs.

Figure 41: Variations in spectra with time for RBM-band (left) and G-band (right). M stands for metallic and S for semiconducting CNTs.

Figure 42: Temperature variations with time for experiments on arc-discharge CNTs with 2.33 eV laser in air and argon environment. 38



The temperature (fig. 42) is clearly decreasing for both the experiment in air and the experiment in argon and the final temperature may be higher for the experiment in air but the temperature  drop is much higher for the experiment in argon.CONCLUSIONS: ARC-DISCHARGE CNTS, 2.33 EV LASERThe behaviour is evidently different than what was initially expected and also different than that for the HiPCO CNTs but the cause for this difference is not yet clear.
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6 CONCLUSIONSWhen comparing arc-discharge and HiPCO produced CNTs it is difficult to draw any universal  conclusions since they show quite different results. Considering the higher purity of the HiPCO produced sample  it  used as a primary system to draw conclusions about the  importance of  environment  and  laser  energy.   When  looking  at  such  factors  as  tube  diameter,  electronic  structure and sample purity it is difficult to isolate one effect from another but some conclusions  can still be drawn.
6.1 ENVIRONMENTThe results for HiPCO CNTs clearly show that the CNT destruction decreases in an inert gas  environment suggesting that oxidation is one of the main factors causing the  CNT destruction. The opposite results observed for the arc-discharge CNTs can not yet be explained and require further investigation. 
6.2 EXCITATION ENERGYAt the same power density there is a clear difference in the rate of  CNT destruction for the different excitation energies; CNT destruction is far quicker for the 2.33 eV laser than for the 1.96 eV laser. This conclusion can be based not only on results for the HiPCO sample; for the arc-discharge sample CNTs are destroyed in both argon and air environments when irradiated with the high photon energy laser whereas only CNTs in argon are destroyed when irradiated with the low photon energy laser.
6.3 CARBON NANOTUBE CHIRALITYChirality implies differences in both CNT diameter and their electronic structure. The results indicate that the CNT diameter is important while the electrical properties of the CNTs matters less. These conclusions can be drawn based on the HiPCO sample results but the situation is not  as evident in case of the arc-discharge nanotubes. The strongest proof for the importance of CNT diameter for the arc-discharge CNTs is the 215 cm-1 peak which comes from the smallest CNT resonant in that sample.
6.4 SAMPLE PURITYThe studies of the arc-discharge CNTs show that sample purity definitely plays an important roll but at this stage of work it is still rather unclear what specifically  that roll is. The arc-discharge  sample  has  high  impurities  content,  both  non-CNT carbon  material  and  remaining  catalytic metallic particles. The behaviour of this impure sample is completely different and there is little  doubt that the impurities are important to explain these differences. One explanation is given in section 6.1 but the arc-discharge CNTs are also bigger than the HiPCO CNTs and it is therefore
 difficult to isolate the size and the impurities effects on the CNT damage rate.
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7 FUTURE WORKThere are many interesting experiments yet to be done; the cooling effect of the argon flow can  be tested by introducing a corresponding air flow. The importance of the sample age may be a complicating factor that should be tested since the sample has aged between the different tests. A short high PD treatment interval experiment should be made for the 2.33 eV laser as well since  the effect is far more powerful with the 2.33 eV laser than with the 1.96 eV one. Most important  though, a new experiment with the 1.96 eV laser and HiPCO sample with intermediate high PD treatment intervals will be performed in order to better resolve the most dramatic changes in the spectra.Aside from the above,  straightforward tests,  a far  more challenging quest to understand the behaviour of the arc-discharge CNTs should take place. The nature of the arc-discharge CNTs is complex and more work is needed to be done in order to ascertain the behaviour of this system
 under high laser power irradiation.
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APPENDIXIn 2.2.4 the G-band is described as consisting of two peaks, a G+ at ~1591 cm-1 and a radius dependent G- at ~1567 cm-1. In reality there are two more peaks in the same frequency range; one at ~1549 cm-1 and one at ~1607 cm-1. The contribution from these two peaks to the G-band is however fairly small and they are therefore ignored in the peakfitting process for the sake of simplicity. The G-- peak is radius dependent but the radial distribution of the CNTs is reasonably  even and the G--peak is therefore  fitted with  only  2 peaks one Breit-Wigner-Fano lineshape component for the contribution from metallic CNTs and one Lorentzian lineshape component for the contribution from semiconducting CNTs. For the same reason the small difference in position  of  the  G+-peak  is  ignored  and  the  peak  is  fitted  with  one  Lorentzian  lineshape component. As mentioned in 2.3.2 the shift of the G-band depends on the chirality of the CNT,  this can actually be seen at high temperatures as a splitting of the G +-peak (fig. A 1) but by using an average value for the G+-band shift we can ignore this factor and continue to peakfit with only one component.

A 1: Example of G-band shift with splitting of the G+-peak.
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1301.6
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1200 1400 1600 1800A  2: Peak fitted D- and G-band of the 4 minute spectrum from the high PD irradiated HiPCO sample in air in the long time step experiment.
Peak Type Amplitude Center FWHM Int Area % Area
1 Lorentz amp 50.00 1301.60 44.40 3153.80 5.82
2 BWF[UDF1] 145.60 1530.00 43.33 11508.56 21.24
3 Lorentz amp 127.27 1543.92 15.52 3047.50 5.62
4 Lorentz amp 1022.73 1579.41 23.37 36475.22 67.32
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1200 1400 1600 1800A  3: Peak fitted D- and G-band of the 45 minute spectrum from the high PD irradiated HiPCO sample in air in the long time step experiment.
Peak Type Amplitude Center FWHM Int Area % Area
1 Lorentz amp 55.11 1300.60 34.53 2763.70 6.22
2 BWF[UDF1] 114.40 1532.00 43.33 9054.44 20.37
3 Lorentz amp 137.07 1545.46 15.52 3282.08 7.38
4 Lorentz amp 943.18 1581.11 20.32 29354.99 66.03
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1200 1400 1600 1800A 4: Peak fitted D- and G-band of the 368 minute spectrum from the high PD irradiated HiPCO sample in air in the long time step experiment.
Peak Type Amplitude Center FWHM Int Area % Area
1 Lorentz amp 68.46 1301.98 39.15 3855.48 10.31
2 BWF[UDF1] 93.60 1534.00 43.33 7417.99 19.83
3 Lorentz amp 125.15 1547.18 14.81 2862.52 7.65
4 Lorentz amp 758.14 1582.72 20.04 23274.26 62.21
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1547.9

1200 1400 1600 1800A 5: Peak fitted D- and G-band of the 999 minute spectrum from the high PD irradiated HiPCO sample in air in the long time step experiment.
Peak Type Amplitude Center FWHM Int Area % Area
1 Lorentz amp 85.76 1304.50 37.57 4660.06 11.75
2 BWF[UDF1] 98.80 1536.00 43.33 7840.44 19.77
3 Lorentz amp 111.44 1547.88 15.52 2668.23 6.73
4 Lorentz amp 756.22 1583.51 21.16 24487.34 61.75
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