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ABSTRACT 

 

Irradiation Stability of Carbon Nanotubes. (August 2009) 

Assel Aitkaliyeva, B.S., al-Farabi Kazakh State University 

Chair of Advisory Committee: Dr. Lin Shao 

 

Ion irradiation of carbon nanotubes is a tool that can be used to achieve 

modification of the structure. Irradiation stability of carbon nanotubes was studied by ion 

and electron bombardment of the samples. Different ion species at various energies were 

used in experiments, and several defect characterization techniques were applied to 

characterize the damage.   

Development of dimensional changes of carbon nanotubes in microscopes 

operated at accelerating voltages of 30 keV revealed that binding energy of carbon atoms 

in CNs is much lower than in bulk materials. Resistivity measurements during irradiation 

demonstrated existence of a quasi state of defect creation. Linear relationship between 

ID/IG ratio and increasing irradiation fluence was revealed by Raman spectroscopy study 

of irradiated carbon buckypapers. The deviations from linear relationship were observed 

for the samples irradiated to very high fluence values. Annealing of irradiated samples 

was able to reduce the value of ID/IG ratio and remove defects. However, annealing could 

not affect ID/IG ratio and remove defects in amorphized samples. The extracted value of 

activation energy for irradiated sample was 0.36 ±0.05 eV. The value of activation 

energy was in good agreement with theoretical studies. 
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NOMENCLATURE 

 

A Ampere 

AC Alternating Current 

Au Gold 

C Carbon 

CBP Carbon Buckypaper 

cm Centimeter 

CN Carbon Nanotube 

CVD Chemical Vapor Deposition 

DC Direct Current 

DI De-Ionized 

DPA Displacement per Atom 

eV Electron Volt 

FIB Focused Ion Beam 

H Hydrogen 

He Helium 

InGaAs Indium-Gallium-Arsenide 

LMIS Liquid Metal Ion Source 

K Kelvin 

keV Kilo Electron Volt 

kV Kilo Volt 
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MeV Mega Electron Volt 

MD Molecular Dynamics 

Min Minute 

MWNT Multi-Walled Carbon Nanotube 

mm Millimeter 

nm Nanometer 

pA Pico Ampere 

PECVD Plasma Enhanced Chemical Vapor Deposition 

PKA Primary Knock-On Atom 

PPM Parts per Million 

RF Radiofrequency 

Sec Second 

SDS Sodium Dedocyl Sulfate 

SE Secondary Electron 

SEM Scanning Electron Microscope 

SRIM Stopping and Range of Ion in Matter 

SW Stone-Wales 

SWNT Single-Walled Carbon Nanotube 

TEM Transmission Electron Microscope 

TBMD Tight-Binding Molecular Dynamics 

um Micrometer 

V Volt 

Xe Xenon 
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CHAPTER I 

INTRODUCTION 

 

Since their discovery by Iijima in 1991, carbon nanotubes (CNs) evolved into 

independent research field [1]. Theoretical and experimental studies on properties of 

carbon nanotubes proved that they have unique properties such as thermal, mechanical 

and electronic transport [1-6]. Carbon nanotubes can be employed in fabrication of 

nonvolatile memory elements – molecular microswitches, advanced sensors and 

detectors, high strength and thermal conductivity materials, and shielding materials for 

neutron sources [5-13].  

Driven by desire to fabricate a low cost and highly efficient doping method for 

controlling electronic properties of CNs, ion irradiation of nanotubes was found to be 

very a promising tool in achieving modification of a nanosystem in selected areas with 

high repeatability and uniformity. Irradiation is extensively used in semiconductor 

industry as a method of modifying the properties of materials in a controllable way. As it 

has been shown previously, irradiation can affect CNs in following ways: a) it is able to 

induce high pressure inside of nanotubes which results in phase changes, b) can form 

stable covalent links between neighboring tubes thus giving rise to enhancement of shear 

modulus by inter-tube bridging, c) can cut CNs, d) can transform bundle of SWNTs into 

a MWNT, and e) is able to bend the tubes and adjust their diameters [11-17].  

____________ 

This thesis follows the style of Nuclear Instruments & Methods in Physics Research B. 
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As a result of irradiation, formation of unique pentagon/heptagon Stone-Wales 

defects can occur in nanotubes. The structure and size of CNs are responsible for 

preferable saturation of unfavorable dangling bonds. Recent studies reported 

reconstruction of vacancies, di-vacancies, and multi-vacancies, and self diffusion 

mechanism in MWNTs through vacancy holes/tubes. At this point much less is known 

about reconstruction of atoms in the neighborhood of interstitials, which are considered 

to be highly mobile in MWNTs. The possibility of interstitial-vacancy recombination in 

MWNTs remains unknown.  

Despite the fact that defects in fission reactor material – graphite have been 

studied since 1950s, defect annealing and agglomeration in the material still lacks a 

comprehensive microscopic picture [17].  Recent experimental [18-19], and theoretical 

[20-23] studies revealed misapprehension of previous results [24] such as migration 

energies of point defects. It is believed that simpler, one dimensional structure of carbon 

nanotubes will be able to facilitate understanding the constitution of defects in graphite 

[17].    

Regardless of all the work conducted on investigating the effects of irradiation on 

CNs, and CNs based materials, radiation damage in CNs is still deficient in fundamental 

understanding. In order to use carbon nanotubes in various fields, irradiation response 

and stability of CNs should be studied thoroughly.  

The aim of this thesis is to study irradiation stability of carbon nanotubes. Since 

damage morphology is peculiar for various ion species, irradiation of carbon nanotubes 

with several ion species is required to investigate ability of CNs to repair damage 
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produced upon irradiation. Different ion species at various energies were chosen to 

bombard vertically aligned carbon nanotubes and carbon buckypapers. Irradiation to 

different fluence values, fluxes, temperatures, and post irradiation annealing experiments 

were able to extract activation energy which can be interpreted as interstitial and 

vacancy migration energies, or the energy barrier for defect recombination. Different 

types of defect characterization techniques were used to discriminate the damage 

formation mechanism in carbon nanotubes. Stability of vertically aligned carbon 

nanotubes in microscopes under electron and ion beams was studied. In situ resistivity 

measurements during irradiation revealed the dynamic defect recombination and a role 

of the surface in defect annealing. Raman spectroscopy study was able to extract 

activation energy for defect annealing in irradiated CNs.  
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CHAPTER II 

EXPERIMENTAL SYSTEM 

 

2.1. Ion Acceleration System 

The experiments were done in the University of Houston and Texas A&M Ion 

Beam Lab using 2 MeV and 150 keV linear accelerators, respectively. Figure 1 

corresponds to the description of 150 keV acceleration system used in experiments. The 

types of ions used in the experiments were singly charged hydrogen and helium atoms of 

99.9% purity which were fed into a Physicon hot cathode ion source.  

Protons resulted from collisions between electrons emitted from tungsten 

filament and the hydrogen atoms, are forced into the acceleration column and exposed to 

an electric potential of 150 keV. To minimize proton-gas collisions and sustain same 

energy of protons in the beam, a high vacuum should be established in the system. In 

compliance with the electric potential equation (E=qV) charged atom should be 

accelerated and leave with a beam energy of ~150 keV. The energy spread of beam 

protons leaving the source was ~30 eV, and since the value is smaller than the proton 

energy beam was considered as monoenergetic.  

Reducing the beam size to the millimeter range involves a set of focusing lens 

electrodes. Beam current was adjusted by focusing and spreading the beam to assure that 

desired current of protons has been dispatched through a collimator. Once protons pass 

through the accelerating column, they are introduced into a glass cross region where the 

beam can be modified. A glass cross region includes a shutter to stop the beam and 
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measure the beam current, a set of vertical deflection plates that adjust the height of the 

beam, and is connected to the 6-inch Varian diffusion pump maintaining the pressure of 

~8x10
-7

 Torr. In order to ensure that only a certain type of ions, in this case hydrogen or 

helium have a trajectory leading to the collisions with the target, magnetic field was 

generated by the separation magnet. Typical magnetic fields in the given region were in 

the range of 0.01-0.1 Tesla, varying with the mass and energy of ions. 

 

 

 

 

 

Fig. 1. Schematics of accelerator system [25]. 

 

 

 

Ion beam leaving a glass cross region enters the beam line maintained at the 

pressure of 10
-8

 Torr to minimize the gas collisions. The final beam can be shaped by the 
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use of a collimator located in front of the target chamber and set to a diameter of 5/8 

inch in the present experiment. Nitrogen cold trap located at the end of the beam line 

was used to trap substances such as pump oil to keep the target chamber clean. The 

pressure of the target chamber was sustained at 10
-8

 Torr during operations with well-

baffled diffusion and cryogenic pumps. Electrons from the walls and collimators which 

might collate the proton beam are repelled by the negatively biased cup (constant at        

-200 V) in the opening of the target chamber.  

A shutter attached to the electrometer inside the target chamber can block the 

beam to measure the electrical current and can unblock it to allow the beam flow into the 

chamber. The shutter is adjacent with the negatively biased cup and repels secondary 

electrons thus providing precise measurements of the beam current. Beam travels 

through the center of the large 70% transmission ion suppression grid which plane is 

perpendicular to the beam direction. A mesh through which the beam passes is located in 

the center of the grid and can be positively or negatively charged to suppress secondary 

electrons produced in the chamber wall that can affect collection efficiency. The mesh is 

connected to the battery box outside the chamber so that its bias can be varied from 0 to 

540 V in 90 V increments [26].  

Resistivity measurements were provided by a two-point probe technique during 

ion irradiation using a nanovolt amplifier and a digital voltmeter with a sensitivity 

corresponding to a resistivity of 10
-11

 Ω-cm. For semiconductors two-point probe set up 

gives better spatial resolution that four-point probe technique, and multi walled carbon 

nanotubes used in experiments were semiconducting. Current and voltage were read into 
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a computer via Matlab program. One of the point probes carried current while the other 

one sensed the voltage. Considering the value of the changes in resistivity of CNs 

produced by a vacancy (10
-4

 Ω-cm), the detection limitation of the approach was 

estimated to be around 0.1 parts per million (ppm) defect concentration. Contacts were 

fabricated with gold (Au) using standard photolithographic and thin film techniques. 

Two wires were brought into a contact with the surface. The current between probes 

expands over a small area, and is known as spreading resistance. In order not to damage 

the contacts, area exposed to the beam was limited by the region between two contacts 

such that they were not exposed to the beam. 

 

2.2. Raman Spectrometer 

The Raman spectra were acquired by using Horiba Jobin-Yvon LabRam 

Microscope in the Materials Characterization Facility of Texas A&M University. The 

typical Raman instrumentation consists of laser, Rayleigh filter, lenses, spectrograph and 

a detector. Refer to Fig. 2 during the description of the microscope. In a typical 

arrangement of the microscope the laser is focused through a pinhole, and to fill the 

optics of the microscope is congregated as an expanded beam. Any background radiation 

from the laser or emission from lines other than main exciting line of the laser is 

removed by a plasma filter. Once the laser radiation contacts the filter, it is reflected to 

the microscope through the optics, and then is passed into the monocromator and 

detector [27]. 
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Fig. 2. Working principle of Raman spectrometer [28]. 

 

 

 

The system used in experiment combines Raman and FTIR microspectroscopy, 

and offers automated three directional mapping. The microscope installed in the system 

is Olympus BX 41. A stigmatic 800 nm spectrograph with two confocal spectrometer 

entrances is build into the system. One of the spectrometer entrances is connected to the 

microscope while the other one is connected by a fibre optics coupler. The system 

includes two sets of detectors which should be used depending on the spectral range of 

operation mode. The Jobin-Yvon open electrode CCD detector with enhanced quantum 

efficiency is used in the spectral range between 450-950 nm, and indium-gallium-

arsenide (InGaAs) diode array JY IGA-3000 is preferred in the range between 900-1700 

nm.  

A 17 mW Class 3B He-Ne laser was used for excitation at a wavelength of      

633 nm. The laser source provides high beam quality, high stability, extended lifetime, 
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and reliability. The properly chosen laser wavelength is of great importance, since for 

fluorescent species usage of the laser with excitation wavelength of 532 nm can cause 

fluorescence such that underlying Raman spectrum will not be detectable. With 

decreasing photon energy, in case of the lasers with the wavelengths of 633 and 785 nm, 

the probability of fluorescence decreases, and Raman scattering will be detected. 

However, with increasing wavelength, scattering efficiency starts decreasing, acquiring 

longer integration times or usage of higher laser powers.  Filter was used to reduce the 

power of the laser hitting the sample thus minimizing the damage created by laser itself. 

The spectral resolution was around 1 cm
-1

. The imaging resolution was diffraction 

limited. The spectra were fitted with a nanonics imaging Raman module, and analyzed 

with NGS LabSpec (ver. 5.23.24) software by decomposing into individual Lorentzian-

shaped bands with a least-squares algorithm. 

 

2.3. Annealing System 

Annealing of the samples was performed in a vacuum furnace in the Texas A&M 

Ion Beam Lab. The high temperature tube furnace has silicon carbide heating elements 

which are fixed below and above the heated chamber. Temperature uniformity is 

achieved by graded layers of insulation and insulation vestibules. The heating was 

controlled by Lindberg temperature controller and the cooling depends on heat 

dissipation, so that it was slow in a vacuum. The temperature values were recorded using 

a separate thermocouple to ensure precise temperature reading. The vacuum pressure 

was monitored using ionization gauge and its value was better than 110
-6

 Torr.  
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The annealing used a “hot zone” approach in which the sample was quickly 

pushed into the hot zone once set up at desired annealing temperature. After annealing 

for chosen interval of time, the sample was quickly extracted out of the hot zone region 

and cooled down in a vacuum. The annealing periods were elected to be of 15 minutes 

for all annealing temperatures.   

 

2.4. Scanning Electron Microscope 

The secondary electron images were acquired using JEOL JSM-6400 microscope 

at the Microscopy and Imaging center of Texas A&M University and FEI Strata
TM

 DB 

235 SEM/FIB microscope at the Nano Fabrication and Characterization Facility of the 

University of Texas at Austin.  

Figure 3 shows schematics of a typical scanning electron microscope. Once 

electron beam is emitted from an electron gun, is focused by condenser lenses, and 

passes though deflection coils that scan the beam in a raster way over a rectangular area. 

The thermionic electron gun generates electron cloud by heating the filament to high 

temperatures via applying current to it. A small bias regulates the emission of electrons 

from cathode, and positively charged anode attracts electrons and accelerates them 

toward the condenser lenses. There are two condenser lenses in microscope. The first 

condenser lens is responsible for demagnification of the focused electron beam produced 

in the area of electron gun. Final condenser lens does final demagnification of the spot, 

and is used mainly to calibrate the size of the beam without losing it. Microscope 

contains a stigmator that corrects any asymmetrical distortions of the electromagnetic 
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field, and two sets of deflection coils connected to the scan generator needed to scan the 

electron beam across the specimen. Once the beam hits the specimen and inelastically 

scattered electrons with the energies of 20-50 eV are ejected from the specimen at 

different angles, negatively charged secondary electrons are attracted to a positively 

charged secondary electron detector. Detector is surrounded by a Faraday cage 

maintained at 100-300 V, and has the end coated with aluminum and biased to 12 kV. 

The negatively charged electrons strike the aluminum coating with such impact that they 

pass through the layer, hit a scintillator material and generate a scintilla that then strikes 

a photocathode of a photomultiplier. Photoelectrons produced in photocathode pass 

through the photomultiplier, and generate the signal [29].     

Elastically scattered electrons ejected from the specimen with energies similar to 

the energy of electron beam, travel in straight lines at high velocities. These electrons are 

called backscattered electrons and are detected by backscattered electron detectors 

installed underneath a final lens, around the open apertures. Backscattered electrons 

cause injection of electrons in the silicon diode, and produce the flow of current. Since 

this type of detector does not have a photomultiplier, electronic circuits are used to 

amplify the signal to the display. Such detectors are based on discrimination of the signal 

by atomic number contrast.  
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Fig. 3.  Schematics of scanning electron microscope [29].  

 

 

 

The main difference between focused ion beam microscope and SEM is that the 

first uses a beam of ions instead of electrons. The source type used in the microscope 

was gallium liquid metal ion source (LMIS). The ion gun of the microscope consists of a 

tungsten needle placed in a contact with gallium, which when heated emits gallium 
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atoms as a result of ionization. In dual beam FIB/SEM systems, the electron and ion 

guns are placed at 52
o
 incidence, while the chamber is shared between two.   
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CHAPTER III  

SYNTHESIS OF CARBON NANOTUBES 

 

3.1. Methods of Production of CNs 

Arc-discharge method was used in the experiment that first produced carbon 

nanotubes [1]. Since that time, various different methods such as chemical vapor 

deposition (CVD), laser-ablation, catalytic CVD, plasma torch method, underwater 

alternating current (AC) electric arc method, and many other techniques were explored 

[1, 30-31]. A large scale production of defect free nanotubes is demanded for industrial 

applications, and in this chapter the principal methods of nanotubes production will be 

delineated.  

3.1.1. Chemical Vapor Deposition Method 

In CVD method, catalyst materials are heated to high temperatures (500 to    

1200 
o
C) in a tube furnace, in which hydrocarbon gases are flowing for the specified 

periods of time. The MWNTs growth in CVD at the temperatures of 500 to 800 
o
C 

involves catalytic decomposition of hydrocarbon gases, such as acetylene (C2H2), 

ethylene (C2H4), xylene (C8H10) or benzene (C6H6), on catalytic nanoparticles such as 

nickel, cobalt and iron. Carbon required for nanotube growth is produced as a result of 

dissociation of the precursor hydrocarbon into the catalyst particles on the surface. 

MWNTs produced using CVD method, in case if they are of high density, can be aligned 

with others by the Van der Waals attraction forces, allowing growth of CNs 

perpendicular to the substrate. The typical schematics of CVD process is given in Fig. 4. 
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The main disadvantage of the CVD method is the high density of structural defects of 

carbon nanotubes that is believed to be because of the low temperatures used in the 

process. 

Plasma enhanced CVD (PECVD) process is more commonly used in production 

of vertically aligned carbon nanotubes. In this process operating temperatures are 

substantially lower comparing to other methods since dissociation of precursors required 

for deposition is enabled by the high energy electrons. CN growth can be achieved using 

different sources of plasma. Experimental studies conducted in the past decade, report 

the following plasma sources: direct current (dc) [32-40], hot-filament aided with direct 

current [41-44], radiofrequency (rf) [45], microwave [46-56], inductively coupled 

plasma reactors [57-58] and rf with magnetic enhancement [59-60, 13].  

Typical PECVD reactor set-up includes plasma source, power coupling 

components, mass flow controllers, vacuum pumps and a matching network. The 

substrate in the plasma reactor is heated directly by a heat source located underneath 

substrate holder, and walls of the reactor are maintained cold. Once wafer with the 

catalyst is loaded into the chamber, and a good vacuum is established, substrate holder is 

heated to the required temperature, and the feedstock is admitted. After, flow rate and 

chamber pressure can be aligned to the desired values, and power from the source is 

interlocked with the plasma. At the end of operation reactor is blasted with argon to 

decrease the temperature, because exposure to air at temperatures higher than 300 
o
C 

leads to damaging carbon nanotubes [13].  
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Fig. 4. Schematic representation of CVD method.  

 

 

 

3.1.2. Arc Discharge Method 

Arc discharge method is one of the oldest methods of production of CNs, which 

was used in discovering of carbon nanotubes by Iijima in 1991. The following 

description will be based on experimental setup used in first successful experiment on 

production of carbon nanotubes.  

In arc discharge method two vertical electrodes (anode at the upper side and a 

cathode at the bottom) are located in the center of the chamber. Anode is produced from 

a graphitic carbon with the diameter less than that of a cathode. This cathode is made 

from a carbon with a shallow dimple that holds a piece of iron while evaporation takes 

place. A gas mixture consisting of methane and argon is used to fill evaporation 

chamber. Once the direct current runs between electrodes, discharge arc should be 

induced and iron filings should melt forming a droplet. Iron vapor generated from a 
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droplet condensed into small particles of iron carbide. It is well known that iron serves 

as a catalyst in many processes, including production of carbon nanotubes and carbon 

fibers since it acts as a heterogeneous deposition center for carbon atoms. The 

production of iron carbide is accompanied with the production of a smut from methane 

and by evaporation from the cathode [1]. A high temperature achievable in the process 

allows sublimation of carbon. After all procedures, wafer with carbon nanotubes on it 

should be purified by gasification with oxygen or carbon dioxide. The main 

disadvantage of this method is that the process is interrupted during removal of products 

from the chamber [13].  

The first successful attempt to produce a large amount of CNs by the use of arc 

discharge method was done by Bethune et al. The process parameters used in their 

experiment were different from the process parameters used by Iijima [1, 50]. These 

parameters included high current values (100 A), voltage range (30-35 V) under 

specified electrode dimensions with the small gap between electrodes (>1 mm), and high 

temperatures of plasma (4000 K). See Fig. 5 in description of schematics of the reactor 

used in arc discharge method [50]. 
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Fig. 5. Schematic representation of arc-discharge method.  

 

 

 

3.1.3. Laser Ablation Method 

In laser ablation method discovered by Guo and coworkers, a mixture of carbon 

and transition metals are evaporated by a laser impinging on a target, allowing better 

control conditions, and producing nanotubes of better quality and higher yield [51]. To 

sustain a uniform vaporization face, laser beam scanning across the target surface should 

be focused onto a metal-graphite composite target supported by graphite poles. Once 

vacuum is established in a tube shaped reactor, it is filled with argon to sweep the soot 

produced by laser vaporization from high temperature zone to the water cooled copper 

collector. For schematic representation of the process see Fig. 6. High temperatures are 

obtained by the use of the furnace mounted to the flow tube [61].  
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Arc discharge and laser ablations methods are similar in a sense that they have 

same advantages such as high yield of SWNTs, and disadvantages such as their 

dependence on evaporation of carbon atoms at temperatures exceeding 3000 
o
C and 

interlaced nature of nanotubes that are difficult to purify. Carbon nanotubes prepared 

using laser ablation method, dominantly are single-walled, highly tangled, and nearly 

endless [33]. A large amount of nanoscale impurities such as fullerenes, onions, and 

amorphous carbon, and polyhedral graphite nanoparticles are produced along with 

production of CNs in this method. Since these impurities are difficult to separate from 

nanotubes after they are cut, purification plays a very important role in laser ablation 

method as well as in arc discharge method.  

 

 

 

  

 
Fig. 6. Schematics of laser ablation method.  
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Production of CNs in a controlled way and in large amount encounters problems, 

which remains to be solved. At this time, low-temperature CVD method is becoming a 

strong candidate for the large scale production of carbon nanotubes. One of the main 

advantages of this method is the ability to arrange carbon nanotubes into well-defined 

configurations by controlling catalyst positioning. The level of control provided by this 

method enables the construction of complex carbon nanotubes architectures, which 

could lead to the nanotubes based devices and systems in a scalable fashion [13]. 

 

3.2. Preparation of Carbon Buckypapers 

Prior to preparation of carbon buckypapers, carbon nanotubes should be purified 

to attain better susceptibility of nanotubes to aqueous procedures. Purification of CNs is 

required to dissipate residual catalyst particles, and mostly is done in hydrochloric acid 

(HCl), sometimes with the addition of nitric acid to the etch which improves purification 

process. Acid treatment and consequent ablution with de-ionized water (to neutralize 

nanotubes) leads to the next step – filtration. Once the nanotubes are filtered, they are 

dried and milled (reground) into a powder [62].  

Carbon nanotube powder obtained after purification has to be suspended in 

deionized water by exploiting surfactants such as sodium dedocyl sulfate (SDS) and 

Triton X, and sonicated to ensure deficiency of agglomerations, and proper dispersion of 

nanotubes in the suspension. This method provides a suspension enduring the same 

condition for several months without precipitation. It is worthy to note that efficiency of 
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an ultrasonic tip is higher than the efficiency of an ultrasonic bath for the following 

reason: time demanded to disperse nanotubes using ultrasonic tip is less than the time 

obligated to do it in ultrasonic bath. Since longer processing time causes shortening of 

nanotubes, ultrasonic tip is used in most cases [62]. 

Obtained suspension is injected into the dead-end filtration unit. There are 

several methods of filtration of carbon nanotubes. The vacuum filtration process in 

which suction on the filtrate side controls filtration and gravity is used to assist in 

settling of suspension prior to applying vacuum. The other method implies using 

filtration unit in which high liquid pressure produced from pumping is applied to achieve 

passage of suspension through the filter [63]. Once the suspension is traverses through 

the filter, nanotubes will be deposited in the surface of the filter that evolves into a 

continuous sheet composed of CNs. The thickness of buckypaper is determined by the 

concentration and volume of the suspension outgoing filtration. Filtration and 

subsequent deposition of CNs is followed by removal of obtained carbon buckypaper 

from the supporting filter membrane [62].  

In the experiments presented in this work, free-standing carbon buckypapers 

were of ~100 micrometers in thickness since buckypapers with lower thickness (<50 

um) are laborious to manage and remove from the filter membrane. The schematic 

representation of the carbon buckypapers’ preparation process is shown in Fig. 7. The 

preparation of buckypapers with lower thickness usually does not involve removal of 

buckypaper from supporting filter. The filter membrane types suitable for preparation of 

carbon buckypapers on a supporting film are polycarbonate filter membranes, Nylon, 
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and aluminum oxide membranes [63]. Production of thin free standing papers can take 

place when using very long carbon nanotubes (>50 um) in the process.     

 

 

 

 

 
Fig. 7. Schematics of preparation of carbon buckypapers [62].  
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CHAPTER IV  

MECHANISM OF DAMAGE FORMATION UNDER IRRADIATION 

 

The knowledge and comprehension of the energy loss mechanisms is crucial in 

estimating depth profile of incident ions, evaluating lattice disorder created upon 

irradiation, and obtaining a better control of implantation conditions. Energetic particles 

withstand a chain of collisions with atoms and electrons of the material they are passing 

through. Interactions of penetrating particles with electrons and atoms of target material 

involve energy loss (dE/dx) governed by Coulomb’s law.  

There are two known energy loss mechanisms: nuclear collisions, and electronic 

collisions. Schematic representation of the energy loss mechanisms in a target material 

can be seen from Fig. 8. Amount of energy reduction per unit length, i.e. energy loss rate 

can be written as a sum of the energy loss rate by nuclear and electronic collisions: 

                                                                                                          (4.1) 

where subscripts n and e symbolize nuclear and electronic collisions, respectively.  

Nuclear energy loss rate known as amount of energy moving particles lose in 

elastic collisions per unit length is of great importance in low energy region. In nuclear 

collisions energy is transferred to a target atom completely, with large losses of energy, 

and essential angular deflections. These collisions can lead to the displacements of atoms 

from their lattice sites, and consequent formation of lattice disorder. 
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Fig. 8. Energy loss mechanism of incident ion. 

 

 

 

Electronic collisions in which impinging particles excite or eject electrons of the 

target material, are responsible for insignificant lattice disorder, and minor angular 

deflections of  trajectories, since smaller energy losses per collision are involved. It 

should be noted that while nuclear collisions prevail for low energies and high atomic 

numbers of elements, electronic collisions dominate for high energies and low atomic 

numbers. A comparison between nuclear and electronic energy losses can be observed in 

Fig. 9. 

Nuclear energy loss dominates when ion velocities υ are lower than velocity of 

atomic electrons  (Bohr velocity) since at these velocity values ion carrying its 

electrons neutralizes by capturing electrons. Nuclear energy loss decreases as  with 

increasing velocity of ions, and electronic energy loss starts to prevail at a certain point. 
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Electronic energy loss is proportional to  in the velocity range from 0.1  to ,  

and at ion will be stripped of all electrons since the charge state of ion 

increases with velocity. Once velocity passes given threshold, ion can be thought as a 

positive point charge  that possesses velocities exceeding the mean orbital velocities 

of electrons in target atom [64].   

 

 

 

 

 
Fig. 9. Nuclear energy loss vs. electron energy loss. 

 

 

 

As impinging ion slows down in a solid, it undergoes collisions with atoms in a 

lattice. At this point, radiation damage event should be considered in more details. 

Radiation damage event is believed to be a transfer of energy from penetrating particles 

to target material with consequent allocation of atoms. It includes the following: 
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interactions between energetic particle and lattice atoms, displacement of lattice atoms 

by incident particles via transfer of kinetic energy, displacement of atoms from their 

lattice sites by primary knock-on atoms (PKAs) and creation of additional PKAs, all of 

which results in formation of displacement sequence of collision events known as 

displacement cascade. Once PKA becomes an interstitial in a lattice site, damage event 

is treated to be complete, and propagation of vacancies, interstitial atoms, and defect 

clusters in the region of the ion track are considered to be the result of such event. This 

phenomenon impacts mechanical and physical properties of the material. As it can be 

seen from Fig. 10, these events take place in time interval of 10
-11 

sec.  

 

 

 

 

 
Fig. 10. Time dependence of the chain of radiation damage events created in material. 

 

 

 

Displacement of target atom from its lattice site and subsequent formation of a 

stable interstitial takes place only if atom receives a certain minimum amount of energy 

from an energetic ion in a collision. Energy demanded for a displacement to take place is 

known as displacement energy Ed and it corresponds to the threshold of displacement. 

Displacement energy confides on the direction of target atom’s momentum. Depending 

on the amount of energy transferred to a lattice atom (T), ensuing processes can occur:  
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a) if T<Ed, target atom will remain at its lattice position but will be subjected to the 

large-amplitude vibrations, releasing energy as phonons and appearing as a localized 

source of heat; b) if T>Ed, displacement of a target atom with subsequent formation of a 

vacancy will betide, and an interstitial site in the lattice will be occupied by a displaced 

atom. The mentioned vacancy-interstitial defect is pertained to a Frenkel pair.  

In analysis of spatial distribution of point defects produced during slowing down 

of an atom or a PKA, average distance traveled by energetic particle between 

displacement collisions with target atoms, so called mean free path λd, is one of the most 

important parameters. Mean free path of an ion slowing down in a target decreases to the 

point when PKA is produced at every lattice site onward path of an ion. Once mean free 

path of an ion and PKA reaches interatomic spacing, a large number of defects will be 

generated in a very short period of time, and damage cascade cannot be treated as 

agglomeration of isolated point defects such as vacancies and interstitials. At this stage, 

high density cascade in a limited volume with the most part of atoms in impermanent 

motion, defined as spike should be taken into account (see Fig. 11). According to the 

investigation of Brinkman, highly damaged region will be formed when λd  is 

comparable to atomic spacing of the target atoms. In this damaged region displaced 

atoms are extruded form the path of incoming ion or PKA, which result in formation of a 

volume consisting of a shell of interstitial atoms enclosing a core of vacancies. Important 

parameters also include the time required to form a displacement spike which is 

analogous to the time needed for an ion or PKA to come to rest, and the critical energy 

Ec. If the energy of PKAs or ions is lower than Ec, a single dense cascade or 
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displacement spike formation is favored, and if their energy exceeds Ec, formation of a 

subcascade will be preferred.  

It can be seen from the previous discussion, that by the end of the displacement 

spike, energy of displaced atoms decreases so that no further displacements can be 

tracked. Energy of collisions will be distributed among neighboring atoms in high 

deposited energy density region, and released as lattice vibrations. This interval is called 

a thermal spike stage. In the next stage named quenching, energy is transmitted to 

surrounding atoms and stable lattice defects are produced. After quenching phase, 

mobile defects are able to leave cascade region, and create more comprehensive defects. 

For the time scale of the cascade stages see Fig. 10.  

 

 

 

 

 

Fig. 11. Displacement spike. 
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A proper understanding of forces between two colliding atoms is critical for 

determining radiation damage event. Interaction between atoms is described via potential 

functions. Since nuclear charge is screened by electrons, in case of atoms where nucleus 

is surrounded by electron clouds of opposite charge, Coulomb potential defining 

potential energy between two point charges placed at some distance r from each other, 

should be modified by a screening function χ(r).  

                                                                                                        (4.2) 

As it can be seen from Fig. 12, interatomic potential changes with separation 

distance. Interaction is driven by Coulomb forces at large separation distances, while at 

smaller separations repulsive central field force prevails. In order to calculate 

interatomic potential, one must first consider Coulomb’s interaction between nuclei and 

electron, then shell structure of electrons, and Pauli’s exclusion principle stating that no 

electron can occupy the same quantum states and exchange interaction of electrons.   

Kinchin-Pease model is used to calculate the number of atoms translated by PKA 

possessing some energy (T) in a solid lattice. The model relies on the following 

assumptions:  

a. A sequence of two-body elastic collisions between atoms results in formation 

of a cascade. 

b. For energies (T) exceeding minimum amount of energy that should be 

transferred to cause a displacement (displacement energy Ed), probability of a 

displacement is equal to 1. 
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c. Cut-off energy (Ec) represents the energy loss through electron stopping. 

Supplementary displacements do not take place if energy of PKA surpasses 

cut-off energy. Electronic stopping is neglected for all energies less than Ec 

while atomic collisions are considered. 

d. Crystal structure and associated effects are ignored; positions of atoms in a 

solid are regarded to be random.  

 

 

 

 

 
Fig. 12. Variation of interatomic potential with separation distance. 

 

 

 

The Kinchin-Pease model is formulated in the following way (Eq. 4.3), and 

schematic representation of the dependence of the number of displaced atoms to the 

PKA energy based on Kinchin-Pease model is given in Fig. 13. 
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      (4.3) 

 

 

 

 

 
Fig. 13. The number of displaced atoms vs. PKA energy based on Kinchin-Pease model. 

 

 

 

A displacement per atom (dpa) is a measure of irradiation damage noting that 

each atom in a volume subjected to irradiation has been translated from its equilibrium 

position at least once. Displacement per atom at depth x (dpa(x)) per unit dose can be 

Number of displacements 
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estimated by using Kinchin-Pease model based on assumption that number of 

displacements per unit depth at a depth x (Nd(x)) can be expressed through this model:  

                                                                                          (4.4) 

where FD(x) is the deposited energy depth distribution function, N is the number of 

displacements,  is an ion dose (ions/cm
2
), and Ed is the displacement energy [64].  

Now, consider interaction of defects in multi-walled carbon nanotubes. Priority 

of defect interactions predicted in MWNTs after irradiation can be seen in figure given 

below (Fig. 14). After production of point defects in irradiated MWNTs two processes 

can take place: recombination of defects giving rise to dynamic recovery or defect 

migration resulting in generation of defect clusters. Migration of defects toward internal 

sinks and surface can be anticipated at longer irradiation times. Resistivity values are 

affected by these reactions at different time scales.  

In order to understand mechanism of interactions between point defects and 

various defect aggregates, one should refer to the reaction rate theory [65-66]. Fenkel 

defects, produced in a sequence of collisions between impinging particles and lattice 

atoms, can be lost in two different processes: through reaction with a defect sinks such 

as voids and dislocation, and via recombination of interstitials and vacancies. 
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Fig. 14. Schematic representation of interactions of defects in MWNTs after irradiation. 

 

 

 

Concentration of point defects at any point and time implies the balance between 

their production and loss rates. Variation of defects concentrations can be thought of as 

sum of the following parameters: a) local production rate, b) reactions with other species 

such as interstitial-vacancy recombination and reactions with sinks, and c) diffusion 

from or into the local volume. This can be represented by the following simplified 

equations:  

                                            

                                                         (4.5) 

where  and  are the concentrations of interstitials (I) and vacancies (V), t is time, K0 

is the defect generation rate that is responsible for creation of freely migrating defects 
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leading to the long-range diffusion, Kiv is the interstitial – vacancy recombination rate 

coefficient, Kvs and Kis are the vacancy – sink and interstitial – sink recombination rate 

coefficients, Cs is the sink concentration, Di and Dv are interstitial and vacancy diffusion 

coefficients, respectively.  

Considering , the rate constants can be written as follows: 

 

                                                     (4.6) 

 

where riv, rvs, and ris are interaction radii for the interstitial-vacancy, vacancy-sink, and 

interstitial-sink reactions, respectively. These represent the radii of the surfaces that will 

be annihilated when crossed by defects.  

Initially, defect concentrations are not sufficient to affect buildup, so they 

increase as dC/dt=K0 with Ci~Cv, such that Ci=Cv=K0t. Once recombination rate starts to 

compensate production rate, the buildup of point defects will stop its linear increase. For 

interstitial defects, its time dependent changes are given by: 

    (4.7) 

This equations leads to the following solution: 

                                                                                                         (4.8) 

By taking this concentration and solving Eq. (4.7), time at which production and 

recombination rates start compensating each other, can be obtained: 

                                                                                          (4.9) 
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where  is the characteristic time for the onset of mutual recombination.  

After a certain period of time, interstitials and vacancies will start finding sinks, 

which augment annihilation. It is evident that interstitials are lost to sinks in greater 

amounts than vacancies by recalling , which can be seen from the next equation: 

                                                                                                (4.10) 

Since concentration of interstitials decreases more rapidly and vacancy 

concentrations increase because of the rapid decay of only sink of vacancies, solutions 

will have the following form: 

                                  

                                                                                           (4.11) 

            From these equations, time constant for onset of the buildup regime can be 

determined: 

                                                                                         (4.12) 

A true steady state (ss) will be achieved when the vacancies start interacting with 

sinks, which can be written as: 

                                  

                                                                    (4.13) 
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Fig. 15. Concentration of vacancies and interstitials as a function of time [66]. 

 

 

 

Considering that at steady state, when production and loss rates of interstitials 

and vacancies are equal, loss of vacancies and interstitials should be equal as well. At 

low temperature and low sink density, terms including Cs can be neglected, and 

concentrations of vacancies and interstitials become: 

                                 and                                   (4.14) 

By taking these expressions to the equations written for buildup region, 

concentration of vacancies alter to: 
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                                                                            (4.15)  

           Subsequently, time constant for onset of steady state transforms to: 

                                                                                        (4.16) 

The schematic representation of the buildup is given in Fig 15. However, it 

should be noted that transitions between phases are not as sudden, as it is shown in a 

figure. Note that if the sink density is neglected by assuming that it s equal to zero, the 

exact solution of the initial equation (Eq. (4.5)) will give [66]: 

                                                                        (4.17)  

As it was discussed previously, irradiation of any type of solids with energetic 

particles leads to formation of defects and subsequent disintegration of irradiated matter. 

Irradiation response of carbon nanotubes is different from that of bulk solids, not only 

because of their small size but also because of their ability to reconstruct under 

irradiation. In bulk solids irradiation with energetic particles results in inelastic 

interaction of incoming particles with atoms of a target material and absorption of 

energy, while in nanostructured materials energetic particles penetrate through without 

having inelastic interactions with target atoms. As a result, only a small amount of 

energy is deposited, energy loss of incident particles is small, and higher energy of 

bombarding particles introduces smaller energy loss. By not taking into consideration 

displacement cascades, it can be assumed that amount of damage should be less in 

nanostructured materials if energy of impinging particles is high [17]. However, small 

size of objects leads to the issues such as high temperature profile created by particle 



38 

 

 
 

bombardment (temperature can surpass melting temperature of the target), changed 

electronic structure and mechanism of transformation of electronic excitation to kinetic 

energy, and high sputtering yield [5].   

Irradiation can cause formation of irradiation-induced links between nanotubes 

which might result in increased conductivity of material or decreased conductivity in the 

defective regions of the nanotubes [67-69]. Materials can deteriorate in different ways 

depending on the types of defects. 

Sputtering is substantial for SWNTs. If the value of energy transfer exceeds the 

threshold value, carbon atom evaporation from the surface takes place, and vacancies 

will be major type of defects occurring in the system. Unlike in other types of materials, 

open structure of nanotubes can cause displacement of recoils to the long distances if 

energy slightly above the threshold is applied. When concentration of vacancies 

surpasses a certain value, structural transformation to an amorphous phase is expected.  
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CHAPTER V  

MOLECULAR DYNAMICS SIMULATIONS OF  

IRRADIATION EFFECT ON CNs 

 

Defects in CNs can be generated if energy of incident particle is higher than 

threshold energy, which is the minimum energy bombarding particle transfers to atom to 

create a Frenkel pair that will not recombine spontaneously. In SWNTs vacancies and 

primary knock on atoms are formed as a result of collisions between incoming energetic 

particles and carbon atoms. If energy of those knock on atoms is high enough, they tend 

to leave tube or displace neighboring atoms, and if energy is low they can be adsorbed 

onto the walls of tubes and serve as interstitials. However, since quasi one dimensional 

morphology of nanotube network dictates that no interstitial can exist in the system, 

sputtering of all displaced atoms from nanotubes can befall. Further damage of network 

is created by sputtered carbon atoms and impinging particles. Immediate interstitial 

vacancy recombination is averted by large separation distance occurring because of the 

presence of voids in a sample. It is also assumed that interstitial atom in bundle of 

SWNTs can be thought as an adatom adsorbed on the surface of nanotube. In 

conjunction with these defects, complex defects such as Stone-Wales (SW) defects [17, 

70], topological defects in graphitic network and amorphous complexes can be produced 

after bombardment with energetic particles [71]. The most dramatic defects produced in 

nanotubes under impact of irradiation are considered to be the following: adatoms 

playing role of interstitials, and vacancies [17, 72].  
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It is well known that damage production is higher in case of ion irradiation 

because of the higher probability of vacancy clusters formation. Under energetic ion 

bombardment carbon nanotubes degrade and simultaneously heal the defects via 

dangling bond saturation and adatom migration [73]. So nanotubes have a unique feature 

to anneal defects created under energetic particle bombardment. There are two possible 

explanations of defect annealing in CNs: 1) interstitial-vacancy recombination caused by 

migration of adatoms, and 2) mending of vacancies invoked from saturation of dangling 

bonds, formation of non-hexagonal rings, and production of Stone-Wales defects [73].  

Knowledge of ion ranges in MWNTs is of great practical importance. Because of 

their more complex geometry, MWNTs received much less attention than SWNTs. 

Molecular dynamics study of capability of MWNTs to stop noble gas ions of different 

energies, conducted by Pomoell et al., has shown that impact of 1.25 keV Xe ion 

terminated production of interstitials between shells and vacancies on the walls of 

nanotubes. If under heavy ion bombardment (such as Xe) two vacancies appear in 

neighboring shells, atom extending out of boundaries can induce covalent bonds 

between shells which is similar to graphite. Impinging energetic ion transfers energy to 

atoms mostly in upper shells, and produces major carbon recoils and vacancies. 

Collisions of carbon recoils with carbon atoms in other shells leads to formation of 

higher number of recoils, and thus in higher damage of the system. All of the reasons 

given above can cause generation of an amorphous region [74]. 

Experimental results confirmed that irradiation with ions to high doses causes 

gradual amorphization of the nanotubes [75-77]. Theoretical studies testified dependence 
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between damage produced in CNs and irradiation doses [78]. Once number of defects 

reaches saturation, an amount of disorder builds up to the value at which impinging 

energetic ion does not cause any changes. It has been shown experimentally, irradiation 

of carbon onions with energetic ions and electrons result in formation of diamond 

nanocrystals [79]. As it was proved theoretically, tubular shape of MWNTs prevents the 

graphite-to-diamond transformation [74].  

Simulations of interactions between SWNTs and different types of incident ions 

of low energies had demonstrated sputtering of carbon atoms from SWNTs, formation of 

single and multiple vacancies, and rapid increase of the amount of damage with incident 

ion energy. As it was proved, irradiation induced damage is higher for heavy ions and it 

can be explained in terms of the defect production cross section values in SWNTs. For 

instance, He ions create less defects since the cross section value is low, and Kr and Xe 

ions create more defects because of their approximately equal high value of cross section 

for the defect production [74].  

MD studies of the ion irradiation of SWNTs on different substrates demonstrated 

that generation of defects at low temperatures depends on the type of substrate. 

Irradiation of CNs on metallic substrates consisting of heavy atoms produces more 

damage than in case of the nanotubes on light atom substrates because of the sputtering 

of substrate atoms and backscattering of carbon recoils. Increase of the amount of 

defects with increasing energy of incident ions to the certain value was observed. Once 

the energy of impinging ions reaches a certain level, number of defects does not change. 

This can be explained by dependence between nuclear collision cross section and ion 
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energy, at a certain value of ion energy cross section of nuclear collisions starts 

decreasing. According to predictions, nanotubes can be pinned to essentially any type of 

substrates under irradiation by establishing chemical bonds in the neighborhood of 

irradiation-induced defects [73, 78-79].  

CNs are damaged by electron beam predominantly by single vacancies and 

interstitials. Molecular dynamics study aimed to reckon temperature dependence of 

concentration of point defects produced in TEM under electron bombardment showed 

strong dependence between these parameters. As it has been discovered, amount of 

vacancies increases quickly at low temperature ranges with temperature interval at which 

increased vacancy mobility leads to formation of immobile multi-vacancy structures and 

reduced self-healing under heat treatment. Vacancy mobility increases with temperature, 

and vacancies are able to escape from irradiation area and in-situ annealing of irradiation 

induced defects can occur. Mobility of single vacancies results in lower concentration of 

defects since vacancies can leave the area of irradiation prior formation of larger defects. 

Initially concentration of vacancies and adatoms are equal but different migration rates 

and sputtering increases difference between them. At high temperatures adatoms become 

more mobile and can leave the system, and at even higher temperatures all adatoms 

leave tubes [72]. However, all theoretical predictions should be proven experimentally to 

be reliable. For this reason, further focus of this thesis will be on experimental work.  
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CHAPTER VI  

IRRADIATION OF CARBON NANOTUBES 

 

In the last few years, ion irradiation of carbon nanotubes attracted attention of 

scientists for several reasons. One of these reasons is the need to develop a low cost and 

high efficiency method of controlling nanotubes’ electronic, mechanical and magnetic 

properties. Advantages of using ion irradiation instead of conventional chemical 

methods are as follows: capability of focusing ion beams to the few nanometers in 

diameter spots, scanning over large areas, and possibility of combining ion irradiation 

with post irradiation annealing to repair created damage. Also ion doping can be used to 

tailor properties of materials. Ion irradiation can evaluate stability and functionality of 

CNs in harsh environments [64, 17]. As it has been shown, irradiation is able to a) form 

stable covalent links between carbon nanotubes causing enhancement of shear modulus 

of SWNTs [12, 14], b) cut CNs [15], c) transform SWNTs bundle into MWNT, and d) 

induce high pressure inside of tubes resulting in phase changes inside the core of 

nanotubes.    

As it was pointed out in a previous chapter, electrons penetrating the solid 

interact with electrons and nuclei of the target material. Displacement of an atom by 

electron-nucleus scattering requires high electron energy because conservation of 

momentum allows a transfer of a small amount of energy from bombarding electrons to 

the nucleus.  The value of energy needed to displace an atom (threshold energy) was 

already noted in the previous chapter, which for carbon atom is equal to 20 eV. 
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Ionization and bond breaking occurring at low energies of impinging electrons originate 

from electron-electron scattering. As a consequence of local reactions, target can be 

damaged.  

Despite all the work conducted on studying irradiation effects in CNs and CNs 

based materials, radiation damage in CNs is still lacks fundamental understanding. Since 

CNs are considered to be potential material that can be used in nanostructured devices, 

irradiation response and stability of CNs are of great importance.  

 

6.1. Irradiation of CNs in Microscopes 

Irradiation-induced defects, as well as native defects in carbon nanotubes can be 

identified using several techniques experimentally. In situ generation and evolution of 

defects in real time is possible in transmission electron microscope (TEM), and detection 

of irradiation-induced morphology changes can be done in scanning electron microscope 

(SEM) [29]. Previous studies concentrating on electron irradiation of CNs, which were 

mostly carried in TEM, reported perforation of outer shells of the tubes, bending, and 

adjustment of diameters of CNs. The Ga ion beam was used to thin, slice and alter 

MWNTs at precise locations. Defects are induced in CNs during characterization in 

microscopes, which means that damage formation mechanism in CNs should be studied 

in details. In order to understand the damage formation mechanism in CNs, MWNTs 

were subjected to electron beam in SEM, and ion beam in focused ion beam (FIB) 

microscope operated at an accelerating voltage of 30 keV.   
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Figures 16-a and 16-b show secondary electron (SE) images of MWNTs 

bombarded with electrons at t=1min and t=15 min, respectively. The series of SE images 

were acquired in SEM after certain irradiation periods. The study shows that branched 

CNs experienced shrinkage after t=15 min. The arrows in Fig. 16 provide the guidance 

to notice shrinkage of MWNTs under electron irradiation. It is worth noting that, as 

observed in Fig. 16-b, a split in the branches of MWNTs occurred.  

 

 

 

 

 
Fig. 16. SE images of MWNTs bombarded with electrons: a) image obtained after t=1 min, and 

b) after t=15 min of electron bombardment. 

 

 

 

The phenomenon mentioned above can be explained by atom loss during 

irradiation and posterior shrinkage of individual shells, which is a result of surface 

reconstruction and dimensional changes caused by atomic rearrangements in the lattice 

of irradiated CNs. The underlying mechanism has been discussed in previous studies 

a b
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[78, 80]. The shrinkage of carbon nanotubes under electron irradiation was previously 

observed, and theoretically studied, by using tight-binding molecular dynamics 

simulations (TBMD) by Ajayan et al. [80]. According to the simulations, shrinkage can 

be explained by recombination of “dangling bond” atoms caused by the removal of one 

of the carbon atoms from hexagon structure of the nanotubes under electron 

bombardment. The free atom on a surface of the formed stable structure attaches to the 

neighboring pentagon structure and becomes meta-stable. As a result, carbon-carbon 

bond is broken and pentagon structure is destroyed. The cross section of displacement 

creation by 30 keV electron beam was estimated to be 2×10
-18

 cm
2
, based on an 

empirical formula given in previous works [81-82]. Ghopra et al. have observed the 

collapsing of CNs under 800 keV electron irradiation [83]. Studies have suggested that 

an accelerating voltage lower than 300 keV does not create significant damage [83-85]. 

In our studies dimensional changes developed at a much lower value of the accelerating 

voltage (30 keV). 

The maximum energy transferred to carbon atoms in a head-on collision with   

30 keV electron beam was calculated to be 5.48 eV. This value is much lower than 

displacement energy of graphite (20 eV), which indicates that binding energy of carbon 

atoms in carbon nanotubes is much lower than the binding energy of bulk materials. 

Based on this, the two following mechanisms are thought to be responsible for 

dimensional changes of carbon nanotubes under electron beam: a) electron excitation 

that causes self-organization of the bonds and b) reduced binding energy of the material 

under high stress. Further studies are needed to reveal the details. 
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To study impact of ion beam on CNs in microscopes, MWNTs were bombarded 

by 30 keV Ga ions and in situ characterized by using both SEM and FIB imaging. The 

shaded square area in the center of Fig. 17 refers to the region selected for ion 

irradiation. The area of this region was 100 × 100 um
2
. The current of the focused Ga ion 

beam during irradiation was minimized to be around 260 pA. The whole ion irradiation 

experiment continued two and a half hours. The selected region experienced ion 

irradiation to a fluence of 1.4 × 10
17

 cm
-2

. 

 

 

 

 

 
Fig. 17. SE image illustrating the area irradiated by 30 keV Ga ions at minimized ion current. 

 

 

 

Figure 18 shows SE images of MWNTs bombarded with 30 keV Ga ions in FIB. 

CNs bending was observed within the first five minutes of ion bombardment. The 

subsequent changes such as collapsing of MWNTs were noticed after 14 minutes of 
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irradiation which is equivalent to a fluence of 1.3×10
16

 cm
-2

, and complete collapse of 

the bombarded MWNT’s was observed after 30 minutes, equivalent to a fluence of 

2.9×10
16

 cm
-2

. The arrows in Fig. 18 reveal dimensional changes with increasing 

irradiation time. The total irradiation dosage corresponding to each image was calculated 

to be 2.3 × 10
14

 cm
-2

.  The time required to take one SEM micrograph was ~15 sec. 

 

 

 

 

 

Fig. 18. SE images of MWNTs obtained by irradiating with 30 keV Ga ions in FIB microscope: 

a) image obtained after t=1 min, b) after t=14 min, c) after t=22 min, and d) after t=28 min of ion 

bombardment. 

a b

c d
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Degradation of MWNTs under ion irradiation was expected to be more 

significant in comparison to the electron irradiation. This can be explained by the fact 

that cross-section of gallium-carbon interaction is supposed to be larger than electron-

carbon interaction cross-section, and by the number of displacements per atom (dpa) Ga 

ions create in CNs. A displacement cross section for an interaction of Ga ions with CNs 

was estimated to be 2.5×10
-15 

cm
2
 by using Kinchin-Pease model [see Chapter II and 

Ref. 66]. Based on the studies of Banhart et al., it can be assumed that MWNTs and 

graphite have similar irradiation hardness [78]. It is not clear at this stage whether 

vicinity of defects to the free surface of MWNTs can enhance CNs radiation tolerance 

since the free surface can be a perfect sink for defects. Further studies will be conducted 

to reveal the details. 

 

6.2. Raman Spectroscopy Study of Irradiated CNs 

Irradiation with different ion species, flux and temperatures and post irradiation 

annealing experiments are able to extract kinetics of interstitial and vacancy migration 

energies, and energy barrier for defect recombination. To study irradiation damage 

formation and defect annealing in carbon buckypapers (CBPs), 3 MeV hydrogen (H) and 

140 keV helium (He) ion beams were used to irradiate the samples at room temperature, 

and Raman spectroscopy technique was used to characterize produced damage. 

According to the Stopping and Range of Ion in Matter (SRIM) simulation [86], 

penetration depth of 3 MeV H in carbon buckypaper with a density of 0.5 g/cm
3
 is      

330 micrometers, which indicates that most protons penetrate through the sample of   
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100 micrometer thickness. In the case of 140 keV He, projected range is calculated to be 

around 4.3 micrometers. Annealing of the samples was carried in a vacuum furnace at 

four different temperatures in the range between 500 – 850 
o
C.  

Figures 19-a and 19-b show secondary electron images of the samples before and 

after irradiation to a fluence of 310
16

 cm
-2

 with 3 MeV H. Networking of randomly 

distributed MWNTs is visible. There were no noticeable topography changes of the 

sample surfaces. Our previous study has demonstrated that electrical resistivity of 

MWNTs under H irradiation increases with increasing fluence due to enhanced carrier 

scattering from defects [87].  

 

 

 

 

 
Fig. 19. SE images of the buckypapers (a) before and (b) after 3 MeV H ion irradiation to a 

fluence of 310
16

 cm
-2

. 

 

 

 

Figures 20-a and 20-b show Raman spectra of buckypapers after 140 keV He, 

and 3 MeV H ion irradiation, respectively. All spectra have features with several 
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characteristic bands. Among them, the D band positioned at 1340 cm
-1

 is related to 

disorder. It is known that D band is absent in defect free graphite materials.  The G band, 

inclined at 1580 cm
-1

, is an indication of metallic or semiconductor properties. The mode 

disposed at 2660 cm
-1

 is recognized as D
*
 band [88].  

According to the studies of Skákalová et al., intensity of D
*
 band of SWNTs does 

not change with defect concentrations under Ar irradiation. Thus, it was argued that D
*
 

mode does not involve defects [89]. As shown in Fig. 20-a, the intensity of D
*
 mode 

decreases with increasing ion fluence. In addition, small but similar trend was observed 

for G band. Early studies of Compagnini et al., suggested that G band is a combination 

of a silent B2g motion and Raman-active E2g mode (G mode) [90]. Observations support 

this interpretation, and suggest that D
*
 and G bands are related. 

Figure 21 shows the Raman spectra of the sample before and after 140 keV He 

irradiation to a fluence of 110
15

cm
-2

. The comparison clearly shows the enhancement of 

intensity of D mode and reduction of intensities of both G and D
*
 modes upon ion 

irradiation. The ratio of intensities of the G to D bands (ID/IG) is frequently used to 

measure the degree of disorder in graphite [88]. 
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Fig. 20. Raman spectra of carbon buckypapers as a function of fluence for (a) 140 keV He ion 

irradiation and (b) 3 MeV H ion irradiation. 
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Fig. 21.  Raman spectra of carbon buckypaper before and after 140 keV He ion irradiation to a 

fluence of 110
15

 cm
-2. 

 

 

 

Figures 22-a and 22-b plot the full width at half maximum (FWHM) of G bands 

as a function of intensities ratio ID/IG for both 140 keV He and 3 MeV H irradiated 

samples, respectively. The arrows guide from the low fluence values to the higher 

fluence values in a sequence. As shown in Fig. 22-a, FWHM of G band and ID/IG ratio 

remain in a linear relationship for samples irradiated to fluences of 110
13

, 110
14

, and 

110
15

 cm
-2

. However, for samples with irradiation fluence above 110
15

 cm
-2

 deviation 
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from the linear trend is obvious. In comparison, Fig. 22-b shows that in case of 3 MeV H 

irradiation, at all fluence values FWHM has no sudden changes. Early studies have 

authenticated a linear relationship between FWHM of G bands and intensities ratio of D 

band to G band (ID/IG) [91]. Any deviation from the linear relationship suggests offset of 

amorphization [91-92]. Based on this criteria, for 140 keV He ion irradiation, it can be 

concluded that amorphization starts at the fluence values above 110
15

 cm
-2

. For 3 MeV 

H irradiated samples, the highest fluence of 5.110
15

 cm
-2

 does not cause amorphization.  

Figure 23 shows intensities ratio ID/IG as a function of increasing fluence for 140 

keV He and 3 MeV H irradiated samples, respectively. The linear relationship between 

ID/IG ratio and increasing irradiation fluence was noticed in the case of 3 MeV H 

irradiated sample, and 140 keV He irradiated sample with irradiation fluences below 

fluence values at which amorphization was noticed. This linear relationship suggests that 

ID/IG ratio represents amount of produced radiation damage. Since stopping power for 

He in buckypaper is higher than that of H, the larger slope of the curve for He irradiation 

is expected. The significance of linear relationship is the buildup of damage without 

considerable dynamic annealing. Otherwise, if mutual recombination becomes 

significant, defect concentration and equivalently ID/IG can reach saturation.  
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Fig. 22. Full width at half maximum of G band versus intensities ratio of D to G modes ID/IG for 

(a) 140 keV He ion irradiation and (b) 3 MeV H ion irradiation. The arrows point to higher 

fluences in sequence. 
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Fig. 23. Intensities ratio of D to G bands ID/IG as a function of increasing fluence for 140 keV He 

and 3 MeV H ion irradiation. 

 

 

 

Tuinstra and Koenig suggested that ID/IG is inversely proportional to the in-plane 

crystallite size in single crystal graphite [88]. Later, Nakamura and Kitajima explained 

changes of ID/IG in terms of the reduction in phonon correlation length because of 

increased defect density [93]. Niwase et al. suggested that intensity ratio ID/IG is related 

to in-plane defects such as single vacancies and vacancy clusters [94]. In a later study 

conducted by Compagnini et al., it was pointed out that ion irradiation induced sp
2
→sp

3
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transition can also increase intensity ratio [90]. They further assumed coexistence of two 

different sublattices in irradiated graphite. One is a regular graphite sublattice and 

another is a cubic diamond like sublattice with sp
3
 formation. Each of them has a 

characteristic line in Raman spectra: G band for graphite lattices, and D band for 

diamond like sublattices.  

Different from single crystalline graphite in which all carbon bonding are sp
2
, 

pristine CNs could have sp
3 

bonding because of the tube’s curvature. Therefore, it is not 

surprising to observe a non-zero D bond in Raman spectra of pristine CNs (as shown in 

Fig. 20-a and 20-b). Upon ion irradiation, momentum transfer from incident particle will 

cause atomic displacements and creation of interstitial and vacancy pairs, and energy 

deposition will lead to the inter-wall coupling [91, 95-97]. All these structural changes 

can cause sp
2
→sp

3 
transition.  With increasing ion fluence, defect density and bond 

transition are increasing, leading to the higher values of ID/IG ratio. When defect 

densities reach a certain value, density of phonon states between diamond like lattice and 

graphite sublattice become so high that scattering occurs in the region between D and G 

bands [90]. This corresponds to the high fluence irradiation such as the ones above 

110
15

cm
-2

 for 140 keV He irradiation.  

Figure 24 shows the change of ID/IG ratio for the sample irradiated to a fluence of 

1.710
15

 cm
-2

 with 3 MeV H, and annealed at various temperatures for 15 minutes. The 

ID/IG ratio values were calculated to be: 1.16 for irradiated but not annealed sample, 1.10 

for the sample annealed at 600 
o
C, 1.08 annealed at 675 

o
C, 1.03 annealed at 750 

o
C, and 

1.01 annealed at 825 
o
C. Since the value of ID/IG ratio is linearly proportional to the 
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radiation damage, reduction of the values of ID/IG ratios is caused by defect annealing.  

The data is fitted by an Arrhenius curve which gives activation energy of 0.36±0.05 eV.  
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Fig. 24. Intensities ratio of D to G modes ID/IG as a function of annealing temperature for the 

buckypaper irradiated with 3 MeV H to a fluence of 110
15

 cm
-2

. 

 

 

 

Previous studies suggested that vacancies which have migration energy of ~3eV, 

are almost immobile in graphite, while interstitials are highly mobile with migration 

energy less than 0.1 eV [24]. It is a general consensus that migration and formation 

energy of point defects in CNs is different from graphite because of the curvature of 

E=0.36±0.05 eV 
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nanotube. Atomic scale modeling by Krasheninnikov et al. exhibited migration energy of 

0.5 - 0.7 eV for C atoms in single wall carbon nanotubes with diameters of 1-1.4 nm. 

Migration energy was found to be weakly dependent on the diameter of nanotubes [98].  

Displaced C atoms can either diffuse on the outside surface of nanotubes as adatoms, or 

diffuse on the inner surface of nanotubes as interstitials. Interstitials diffusion has lower 

migration energy than migration energy of adatoms. Interstitial can also penetrate the 

shell, but this requires a much higher energy barrier [78].   

Extracted activation energy for defect annealing was close to the modeling value 

which has predicted migration energy of C interstitials (0.5 eV for CNs with large 

diameter) [98]. However, it is difficult to define physical meaning of this energy, since 

potential barrier for interstitial-vacancy recombination is not known. This energy can 

also be explained as the activation energy for sp
2
→sp

3
 transition. Further studies are 

needed to explain the physical meaning of the extracted activation energy.  

Figure 25 shows intensities ratio of D to G bands (ID/IG) as a function of post-

irradiation annealing temperatures for the sample irradiated with 140 keV He ions to a 

fluence of 310
16 

cm
-2

. According to previous discussion (Fig. 22-a), this fluence is high 

enough to induce amorphization which involves the formation of significant three 

dimensional defects such as cavities surrounded by interstitial atoms and clusters of sp
3
 

bonds. These defects are difficult to remove. As it can be observed, the ID/IG ratios’ 

value is almost constant except at high temperature of 850 
o
C where it increases.  This 

agrees with early observations of graphite where annealing of amorphized graphite at 

high temperature increased ID/IG value [92].  
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Fig. 25. ID/IG ratio as a function of annealing temperature for buckypaper irradiated with 140 

keV He to a fluence of 310
16

 cm
-2

. 

 

 

 

It can be concluded from the discussion above, for self-supporting carbon 

buckypapers irradiated with 140 keV He and 3 MeV H ions to different fluences, 

intensity ratio of D to G bands ID/IG increases linearly with increasing fluence. 

Annealing of irradiated samples was found to reduce the intensities ratio, and suggests a 

defect removal process with activation energy of 0.36±0.05 eV. Defect annealing 

becomes difficult for the heavily damaged samples.  
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6.3. Proton Irradiation of CNs and in situ Resistivity Measurements 

Damage morphology is different for various ion species. Bombardment of carbon 

nanotubes to different fluxes and energies with light ions such as H and He, and heavy 

ions such as Ar is needed to investigate ability of CNs to repair light damage containing 

mainly separated Frenkel pairs or heavy damage with damage cascade formation. This 

section will be focused on irradiation stability of carbon nanotubes under proton beam. 

As possible type of materials that can be used in an outer space, carbon nanotubes 

should be exposed to proton irradiation to test their stability in harsh environment. The 

main point of using proton beam is the fact that protons are important components in 

radiation belts about planets such as Earth, Jupiter, etc. Another reason of preferring to 

use proton beam is penetration depth of protons in carbon buckypapers which is much 

higher than for other ion species.   

In previous studies, such as TEM study of the morphological changes of 3 MeV 

proton irradiated single-walled carbon nanotubes’, radiation stability and welding of 

nanotubes irradiated to low doses, amorphization, loss of nanotubes physical integrity 

and production of radiation damage in nanotubes irradiated to higher doses was reported 

[99]. Khare et al. showed that SWNT film becomes transparent after irradiation with      

1 MeV H beam. Raman analysis gave a clear evidence of formation of C-H bonds in 

irradiated samples. This result points out one of the future possibilities of using proton 

irradiation as a tool to achieve atomic hydrogen functionalizaiton of carbon nanotubes 

which can be subsequently used as a shielding material [100].  
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To reveal the damage formation mechanism in carbon buckypapers under a high-

energy proton irradiation, 2 MeV H beam was used to irradiate carbon buckypapers and 

characterization of resistivity changes as a function of time was done in situ. Electric 

resistivity measurements are proportional to the population of defects, so measuring 

electric resistivity provides capability of in situ defect characterization during irradiation.  

Advantages of measuring resistivity in situ during irradiation for defect 

characterization are: 

a) Damage buildup and dynamic annealing of defects can be revealed. 

b) Stability of CNs in harsh environments can be evaluated since electrical 

resistivity changes directly reveal the scattering of electrons by radiation 

damage. 

Schematic representation of the expected resistivity changes as a function of 

increasing irradiation time is given in Fig. 26. The detailed discussion on the stages of 

damage production can be found in Chapter II. 

The total fluence of protons was selected to be 7×10
15 

cm
-2

, and different beam 

currents of 200, 100 and 50 nA were used to achieve the desired fluence. The 

corresponding values of the flux were as follows: 1.18×10
11

 cm
-2

*sec
-1

,             

9.86×10
11

 cm
-2

*sec
-1

 and 1.97×10
12

 cm
-2

*sec
-1

, respectively. According to the SRIM 

simulation [86], the penetration depth of 2 MeV H in carbon buckypaper with a density 

of 0.5 g/cm
3
 is 170 micrometers, which indicates that most protons penetrate through the 

sample of 100 micrometer thickness.  
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Fig. 26. Schematic representation of resistivity changes of MWNTs as a function of irradiation 

fluence. 

 

 

 

Figure 27  shows SE images of carbon buckypapers prior and after 2 MeV proton 

irradiation to a total fluence of 7×10
15

 cm
-2

, with the flux of 1.9×10
12

 cm
-2

*sec
-1

. Figures 

27-a and 27-c show SE images of the carbon buckypapers prior to irradiation collected at 

different magnification values. Figures 27-b and 27-d show SE images of the carbon 

buckypapers damaged under ion beam, acquired at various magnification values.  

Figure 28 shows resistance vs. time for 2 MeV H irradiated buckypaper to the 

flux values of 1.18×10
11

 cm
-2

*sec
-1

, 9.86×10
11

 cm
-2

*sec
-1

 and 1.97×10
12

 cm
-2

*sec
-1

. The 

resistance was normalized to the value before ion irradiation. As shown in Fig. 28-a, 

once the beam was turned on, resistance instantly decreased (phase I), then increased 

(phase II) and saturated (phase II).  At the end of irradiation period, resistance rose to a 
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higher value (phase IV). Similar trend can be observed in case of lower flux values , 

once the beam was turned on, resistance decreased at first (phase I), remained relatively 

stable (phase II), and at the end of irradiation period rose to a higher value (phase III). 

Refer to Fig. 28-b and 28-c during description of the resistivity changes as a function of 

increasing irradiation time. 

 

 

 

 

 
Fig. 27. SE images of buckypapers: a) and c) Prior to irradiation with markers denoting 35 um 

and 3 um, respectively,  b)  and d) after irradiation to a total fluence of 7×10
15

 cm
-2

 with markers 

denoting 35 um and 3 um, respectively. 
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Fig. 28. Resistance changes vs. irradiation time for carbon buckypapers irradiated to the flux 

values of: a) 1.97×10
12

 cm
-2

*sec
-1

, b) 9.86×10
11

 cm
-2

*sec
-1

 and c) 1.18×10
11

 cm
-2

*sec
-1

. 

 

 

 

Figure 29 shows Raman spectra of buckypapers after 2 MeV H ion irradiation to 

the flux values of 4.7×10
11

 cm
-2

*sec
-1

, 7.6×10
11

 cm
-2

*sec
-1

 and 1.3×10
12

 cm
-2

*sec
-1

. The 

spectra has features, with several characteristic modes that includes disorder band (D 

band), positioned at 1340 cm
-1

, G band which is a combination of B2g motion and the 

Raman-active E2g, positioned at 1592 cm
-1

, and D
*
 band disposed at 2660 cm

-1
. Upon 

irradiation under different beam currents, positions of D, G, and D
*
 bands shifted from 
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initial values. The intensity of D
*
 mode, as in cases of 3 MeV H and 140 keV He ions 

bombardment decreased with increasing flux value.     
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Fig. 29. Raman spectra of carbon buckypapers irradiated to a fluence of 7x10

15
 cm

-2
 and flux 

values of 4.7×10
11

 cm
-2

*sec
-1

, 7.6×10
11

 cm
-2

*sec
-1

 and 1.3×10
12

 cm
-2

*sec
-1

. 

 

 

 

Figure 30 shows the typical time dependent changes of the temperature of 

buckypapers under 2 MeV H irradiation. The temperature increased linearly at the early 

stage of irradiation, and remained relatively stable until the end of irradiation period. 

Once the beam was turned off, temperature decreased. The temperature behavior was in 
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agreement with resistivity changes shown in Fig. 28. The temperature behavior 

mentioned above was similar in all three cases, thus accurate control of experimental 

conditions can be suggested. However, other mechanisms such as welding of carbon 

nanotube network can affect the resistance changes and temperature might play a 

secondary role. Further studies are needed to reveal the details.  

 

 

 

 

 

Fig. 30. The change of the temperature with increasing irradiation time. 

 

 

 

Raman scattering technique, widely used for identification of defects in carbon 

nanotubes [101-103] demonstrated production of defects upon irradiation of 
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buckypapers. In accordance with observations, not only D but also G bands were 

influenced by irradiation. The ratio of intensities of D to G modes (ID/IG) denoting defect 

density and providing an evaluation of the quality of the buckypapers, increased in 

irradiated samples.  This increase indicated production of irradiation induced defects [88, 

90-91, 93]. Within calculated error bar, data obtained from the Raman spectra of 

buckypapers was consistent with the changes of resistance with increasing irradiation 

time.  

In order to explain the changes of resistance with time, defect reaction rate theory 

will be considered [see Chapter II and Ref. 66]. It is known that resistivity of 

semiconducting CNs drops with increasing temperature. Therefore, it is believed that 

phase I was mainly because of the beam heating. Heating, which is presumed to saturate 

rapidly, can be minimized by abating ion flux. One of the other possible reasons 

instigating exponential decrease of resistivity is welding of nanotubes. However, since 

welding typically develops at high temperatures and is not expected to occur under light 

ion irradiation, beam heating is assumed to be the main explanation of the phenomenon. 

In case of the higher flux values, phase II was primarily because of the defect creation 

under ion bombardment. As it was discussed in Chapter II and shown in Fig. 26, and 28, 

defect concentrations build up linearly at first. However, with increasing number of 

defects, carrier scattering becomes significant and resistivity increase is expected in the 

next phase. Phase III suggests the achieved balance between defect creation and 

annealing. In phase IV, resistivity enhancement was because of the sample cooling when 

the beam was off.   
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Under the consideration that defect creation and recombination rates are in a 

balance, evolution of phase II to III can be modeled.  For interstitial defects, its time 

dependent changes given by Eq. (3.7), were derived in previous chapter. This equation 

leads to the solution, which was used to model the transformation of the phase II into the 

phase III. The solid line in Fig. 28-a is a fitted curve from Equation (3.17). Good 

agreement suggests that in a carbon buckypaper, a quasi steady state of defect creation 

and dynamic defect annealing exists.  

In the cases with lower flux values, phase I is believed to be principally because 

of the beam heating. Lower flux values at fixed fluence suggest the slower defect 

production rate, and require longer irradiation time to exhibit behavior similar to that of 

a higher beam current. In order to preserve the fluence of ~7×10
15 

cm
-2

, further 

development of resistivity with time was not observed. However, the changes of 

resistivity should be consistent with the results obtained for high flux values.  

The presence of point defects increases materials’ resistivity, and changes of 

resistivity are approximately linearly proportional to defect densities. As it was proved in 

discussion, measurements of resistivity can be used as a valuable tool in revealing 

fundamentals of ion solid interactions in CNs, which shows dynamic defect 

recombination and role of the surface in defect annealing.  
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CHAPTER VII  

CONCLUSION 

 

This thesis was aimed to study irradiation stability of carbon nanotubes. Different 

ion species at various energies were chosen to bombard carbon nanotubes and related 

materials. Several defect characterization techniques were used to study damage 

formation mechanism in carbon nanotubes.  

It has been discovered that dimensional changes of carbon nanotubes in 

microscopes can develop when operating at accelerating voltages of 30 keV, which 

indicated that binding energy of carbon atoms in CNs is much lower than in bulk 

materials. The two possible reasons of dimensional changes of carbon nanotubes 

observed in experiments were electron excitation which caused self-organization of the 

bonds, and reduced binding energy of the material under high stress.  

In situ resistivity measurements during 2 MeV H irradiation provided by two-

point probe set up revealed existence of a quasi state of defect creation. This leads to a 

conclusion that dynamic defect annealing in carbon buckypapers upon irradiation takes 

place.  

Raman spectroscopy study of 3 MeV H and 140 keV He irradiated carbon 

buckypapers revealed linear relationship between ID/IG ratio and increasing irradiation 

fluence. This linear relationship did not hold for the samples irradiated to very high 

fluence values. As it has been shown, annealing of irradiated samples reduced the value 

of ID/IG ratio and removed defects. However, in amorphized samples kinetic energy for 
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defect removal was high, and annealing was not able to affect ID/IG ratio and remove 

defects. The value of extracted activation energy for the sample irradiated with 3 MeV H 

to a dose of 1.7x10
15

 cm
-2

 was found to be 0.36±0.05 eV, which means existence of a 

faster diffuser (interstitial). The value of activation energy was in good agreement with 

theoretical studies.  
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