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ABSTRACT

VIAE«1JTY OF CARBON .NANOTUBES FOR SPACE RELATED TECHNOLOGY

AND APPLICATIONS 

By

Susan P. Song

CuiTently there is a critical need to develop non-Si based “radiation-hard” devices and 

nanotechnology for space applications. A “radiation-hard” device is a device able to 

withstand a dosage up to 1(X)() Gray (Gy) before failing. Space technology must be 

shielded from radiation encountered in space: heavy ions, protons, electrons, and 

neutrons. Methods for radiation-hardening have included using silicon-on-sapphire [1-5] 

or silicon-on-insulator substrates, which are however, expensive and fail after a period of 

time. Silicon-based devices fail due to destruction of p-n junctions. Carbon nanotube 

(CNT) based technology is not based on conventional p-n Junctions with charge- 

separated regions. CNT-based space technology could also bring the advantages of cost 

and size reduction. At the time of this writing, only a few papers, which are theoretical 

[6-7], liave been published on the potential effect of radiation on CNTs. However, to the 

best of this author’s knowledge, the experiments outlined in this thesis are the first such 

experiments in which the effect of radiation on the properties of CNTs has been 

investigated in sucli a well calibrated experiment.
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INTRODUCTION

This work described in this thesis investigates the effect of space radiation, specifically at 

low-eaith orbit (LEO), on the properties of carbon nanotubes (CNTs) in order to 

determine their viability for space applications. LEO is the region ranging from 10 krn to 

1000 km above the earth. Potential space applications of carbon nanotubes include: 

self-repairing materials for the skins of shuttles or space suits, new space-resilient 

electronics, flat-panel displays and even space elevators.

Heavy ions are a significant source of radiation and are encountered in LEO at high 

declination. The heavy-ion, and trapped particle regions are illustrated in Figure 1. 

Current transistor-based electronics technology requires radiation shielding against heavy 

ions, which are massive, charged particles. The amount of shielding required for 

effective defense against heavy ions would be ma.ss-prohibitivc. Radiation effects are 

classified into non-destructive errors, which can be overcome by device reset and 

destructive errors, which cause permanent device malfunction. Examples of radiation 

effects include: Single Event Upset (SEU), a change of state or transient induced by an 

ionizing particle such as a cosmic ray or proton in a device; Single Event Functional 

interrupt (SEFI)/Single Event Transient (SET), a condition where the device stops 

operating in its nonnal mode, and usually requires a power reset or other special 

sequence to resume normal operations; Single Hard Error (SHE), an SEU which causes a 

permanent change to the operation of a device; Single Event Latchup (SEL), a 

potentially destructive condition involving parasitic circuit elements forming a silicon 

controlled rectifier (SCR); Single Event Gate Rupture (SEGR), the burnout of a gate
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insulator in a power MOSFET and a destructive condition; Lastly, Single Event Burnout 

(SEE) wdiich is a highly localized burnout of the. drain-source in power MOSFETs, which 

is also a destructive condition. All the previously mentioned damage mechanisms are 

serious problems for current transistor-based electronics in space applications.

Since their discovery over a decade ago by lijima [8], CNTs have spawned a wave of 

research into their potential applications. NASA is particularly interested In the 

development of CNT-based electronics and textiles which are space-qualifiabk. 

Investigations into the potential use of CNTs as cold cathode sources have also been 

conducted (9-11).

CNTs are essentially self-closed sheets of graphite. CNTs are either single-wall or 

multi-wall. Single-waJl CNTs can be either separate or bundled in a rope containing 

twenty to fifty individual nanotubes in a triangular lattice (hexagonal close-packed 

stacking); the latter is shown in Figure 2 (a)-(b). Individual single-wall CNTs are 

generally on the order of 0.7-2 nm in diameter and several microns in length. The mean 

diameters of single-wall CNTs (both individual and bundled), and the inter-tube distances 

for bundled CNTs, are dependent on the catalyst used and the growth conditions. 

Individual, separate single-wall CNTs, to best of this author’s knowledge, have been 

synthesized only in the presence of any one of the transition metals such as iron, nickel, 

copper or cobalt or lanthanides, such as lanthanum, yttrium, gadolinium and neodymium.
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Multi-wail CNTs consist of several layers, with the diameter of the outermost wall 

ranging from 20 to 30 nm, are also generally up to several microns in length. An example 

of a multi-walJ CNT of about 15 layers is shown in Figure 3. Various unique forms, 

curly or Y-junction, of CNTs have been reported as well 112].

In the course of the research presented in this thesis, first time studies of heavy ion 

interaction in carbon nanotubes and other new nanoscale materials have been conducted. 

Our results show high radiation resilience for single and multi-wall CNTs, which indicate 

that carbon nanotubes may have good potential for space applications.

The organization of the thesis is as follows: In Chapter 1, we review the basic properties 

of CNTs. In Chapter 2, the main experimental techniques used in the research are 

described. In Chapter 3, synthesis of the carbon nanotubes investigated in this thesis is 

discu.ssed. The synthesis research included system components at Michigan State 

University, at the University of Michigan, and at the NASA Goddard Space Flight 

Center. Parts of the research were done in collaboration with these two institutions. The 

heavy ion radiation experiments and their results are described in Chapter 5. Our 

conclusions are discussed in Chapter 6.
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CHAPTER 1
PHYSICAL STRIJC’FURE AND IDEAL ELJECTRONIC AND MECHANICAL 

PROPER'riES OF CARBON NANOTUBES

Ideal properties of carbon nanotubes (CNTs), for belter understanding of their 

applications potential, and also for understanding of what a radiation-induced deviation 

from ideal would entail, are described in this Chapter. Theoretical growth mechanisms 

are briefly discussed, since part of the research presented in this thesis involved the 

growth of multi-wall carbon ri iuoiubes and nanotube-nanowire heterostructures.

An excellent reference for theoretical and some experimental properties of carbon 

nanotubes is “Physical Properties of Carbon Nanotubes”, by R. Saito, G, Dresselhaus, 

and M.S. DreSvSelhaus, published by Imperial College Press (1998). This reference is 

extensively quoted in this section.

Physical structure of a single-wall CNT

A single-wall CNT is a single-layer seamless cylindrical graphene tube. There are three 

key vectors that define the structure of a single-wall CNT: the chiral (which also defines 

the “handedness” of a CNT, i.e., whether the nanotube is “rolled” clockwise or counter

clockwise), translational and symmetry vectors. These vectors are shown in Figure 4.

The chiral vector is denoted asC/j , and is represented by CM in Figure 3. The vector 

OA is a unit vector in the direction perpendicular to the nanotube axis, or equator, of the
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nanotube and OB is in the direction of the iianotube axis, f , the translational vector, is a 

unit vector in the direction of OB in the Figure, m d R , in the direction of OR in Figure 

4, is the symmetry vector, The chiral vector, C/j is defined by

C/j = M | + ma2 “  {n,m) (1)

where n and in are integers, a\ and U2 tire the unit vectors in real space of the CNT, and 

0 < |m| < n.

The unit cell of a single-wall CNT is given by rectangle formed by the translation vector,

T and the chiral vector, C/, shown in Figure 4. Single-wall CNTs can be chiral (non-

symraorphic) or achiral (symmorphic). Achiral single-wall CNTs, have a mirror plane, 

whereas chiral or non-symmojphic, nanotubes have no mirror plane. There are two types 

of achiral single-wall nanotubes: armchair and zigzag (Figure 4). The names armchair 

and zigzag are derived from the shape of the cross-section fonned when a nanotube is 

“cut” along its equator. Each of the end caps of the CNTs contains six pentagons and an 

appropriate number and location of hexagons. Additionally, the armchair nanotube

corresponds to the condition when n=m, i.e., when C/, = (n,n) and the zigzag nanotube 

corresponds to the case when m=0, or C/, =(n,0). All other (n,m) chiral vectors 

correspond to chiral nanotubes.

The chiral angle, 0, determines the angle at which the graphitic sheet is “rolled up” to

make the CNT. It is defined by the following relationship:

= (2)
Cft
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The diameter of a singlc-wall CNl", dj, is given by

L f'~‘2 T= a vn  + m “df = —, where L  = Cf  ̂ = JC /, •  C/., = ayn  + m“ + nm (3)

where n and ra are the indices of the CNT, L is the length of the nanotube and

aj ■ a\ =  <32 • «2 “  • Foi" the CNT, a= J44  nm.

Tlie translational vector is defined to be the unit vector of a ID CNT and is parallel to 

the nanotube axis. The translational vector is defined by:

7  = b <3] + ?2 ̂ 2 -  ih ’ ̂ 2 )» where tj and t2 ai-e integers (4)

Finally, the symmetry vector R is described by the following,

R = pa^+pa2= -(p ,g)  (5)

where p  and q are integers and do not have a common divisor except unity. The 

symmetry vector R is defined as the site vector having the smallest component in the 

direction of C /,.

The brillouin zone of a single-wall CNT is the same as the brillouin zone of the single

graphene sheet. It is defined by two unit vectors bj and £>2, where

2zr 1 Ow- ]

a  V3 «  V3

and a= V3 * the bond length between carbon atoms. This is a standard derivation of the

reciprocal space unit vectors b) and b2 from the real space unit vectors.

1 . ,V3 1 ,
(31 ~ a *{— Jt + —V), 07 = a ( — X — V)

2 2 2 2
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and

ai » b j  s  iMSg

but it is implemented within the appropriate 2 -  D space, l l ie  real and reciprocal space 

unit vectors are shown in Figure 6 (a)-6 (b).

Physical stnuctiire of a M ultFwall CNT

Multi-wall CNTs are usually formed by ten to twelve concentric graphene layers. In 

general, each o f the individual concentric layers will keep their respective electronic 

properties and not be commensurate, ie .,  the carbon atoms of each of the cornprising 

nanotubes will not be aligned with each other. The interlayer spacing is slightly less than 

that of graphite, being 0.34 nm.

Electronic properties of Single-wall CNTs

The diameter and chirality of single-wall CNTs determine whether they are metallic or 

semi-conducting. Two-thirds of all CNTs are semi-conducting, while the other third are 

metallic [13]. Semi-conducting CNTs have a band gap between of about 1 eV. More 

specifically, the arm-chair nanotubes, denoted by (n,n) are always metallic and the zigzag 

nanotubes, denoted by (n,0) are metallic when n is a multiple of 3, semi-con ducting 

otherwise. Thi.s results in two categories for metallic CNTs. Metallic zigzag CNTs are 

all in the metal-l category. The arm-chair single-wall CNTs are in the metal-2 category. 

Figure 6 shows the indices of the CNTs in relation to their conducti vity and illustrates 

how the indices are determined.
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The relationship between the diameter and chirality of single-walJ CNTs and their 

electronic properties is as follows. "K] is the reciprocal lattice vector in the direction of 

the chiral vector, C/ j , of a single-wall CNT. The condition for raetalJic energy bands is

that the ratio of the length vector YK to that of is an integer. YK = (2n+m)/3 x K i , 

where ii and m are integers that represent tlie number of carbon atoms in the same 

corresponding positions in the hexagonal rings of carbon which are crossed horizontally 

and downwards, respectively, to form the chiral vector on the honeycomb-like lattice of 

an unrolled CNT. The wave vectors are shown in Figure 6 (c).

Another important property of CNTs (both multi-wall and single-wall) is ballistic or 

quasi-ballistic transport. Ballistic transport refers to single electron or quantum transport, 

in which there is no scattering of electrons in the nanotube. Mathematically the quantum 

conductance, Gq, can be expressed as

Go = 4 “  (6)
h

where e is the charge of an electron and h is Planck’s constant, and the factor of two in 

the expression comes from the fact that single wall nanotubes have two conducting

channels. Ballistic transport represents the special case w'hen L «  where L is

the length of the wire, Lm is the momentum relaxation length and is the phase

rehaation length. Momentum relaxation refers to the average distance that an electron 

wave function travels in a conductor or semiconductor before its momentum is
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randomized due to a collision, and phase relaxation refers to the average distance that an 

electron wave travels in a conductor or semi-conductor before its phase is randomized 

due to scattering. In other words, nanotubes exhibit ballistic transport because of their 

extremely small size, tmd in ballistic transport there is little or no scattering which results 

in very high current flow.

Semiconducting CNTs have been successfully doped p-type and n-type. Hence, diodes, 

which are a junction between p and n-type semiconductors, have been developed using 

crossed CNTs [14]. However, the role of the p-n doping versus the effect of the contacts 

in affecting the diode action is cuirently under investigation.
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Figure 2: Examples of ropes of single-wall carbon nanotubes (a) Tapping Mode AFM 
image of ropes dispersed on a gold substrate. Each “strand” is actually 15-20 close- 
packed single-wall carbon nanotubes. (b) Cross '■cctional HRTEM from the Smalley 
group photo gallery showing how the individual t ibes are arranged within a typical rope 
(http://smalley.rice.edu/index.php?topgroupid= J &g roupid=10).
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Figure 3: HR TEM Image of a typical Multi-wall CNT showing individual layers
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f lH i

Figure 4: Definition of the Chiral (Cj,), Translational (T) and Symmetry (R) Vectors

Vectors OA and OB define the chiral vector (Ch) and the translational vector (T), 
respectively. R is the symmetry vector. The Figure corresponds to Ci,=(4,2), T=(4,-5) 
and R=(l, -1). The rectangle OABB’ defines the unit cell of the nanotube. (Taken from
R. Saito, G. Dresselhaus and M.S. Dresselhaus, “Physical Properties of CNTs”, Imperial 
College Press, 1998)

13
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Figure 5: The Different Types o f Chiral vStractures of Carbon Nanotubes

(a) Anuchair nanotube (carbon atoms are perpendicular to the nanotube axis) (b) Zigzag 
nanotube (c) chiral nanolube (Taken from R. Saito, G. Dresselhaus and M.S. Dresselhaus, 
“Physical Properties of Carbon Nanotubes”, Imperial College Press, 1998)

14
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(C)

o M

Figure 6: Relationship between Wave Vectors in a Carbon Nanotube. (Taken 
from R. Saito, G. Dresselhaus and M.S. Dresselhaus, “Physical Properties of 
Carbon Nanotubes”, Imperial College Press, 1998)
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10.0)

o : metal • :  semiconductor

Figure 7; Indices vs. Conductivity for Carbon Nanotubes.
(Taken from R. Saito, G. Dresselhaus and M.S. Dresselhaus, “Physical Properties 
of Carbon Nanotubes”, Imperial College Press, 1998)
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M echanical Properties of CNTs

The Young's modulus of a material defines the stiffness or strength of a. material. The 

Young’s modulus of single-wall CNTs was reported to be as high as a few TPa using

innovative in-situ methods in TEM. Multi-wall CNTs have a high young’s modulus, or 

elastic modulus, which is the ratio of stress over strain, of several Gigapascals (GPa) in 

the direction of the tube axis. The TEM method [15] of measuring Young’s modulus of 

CNTs utilizes thermal energy to cause the nanotubes to vibrate. More specifically, the 

amplitude of the thermal oscillations is measured using TEM by utilizing several images 

taken using a CCD camera. Then, treating the nanotube as a cylindrical cantilever, the

1 o
vibration energy W, is related to the effective spring constant k h y  W =■ ~ k u ^ . Then

since the effective spring constant is a function of the Young’s modulus, one can simply 

solve for the Young’s modulus. The Young’s modulus is a function o f a CNT’s diameter 

and helicity.

Another measure of strength of a material is the bending modulus. The bending modulus 

is a measure of how much a material can be bent before it breaks. In another set of 

experiments in the TEM, by using a frequency variable oscillating voltage supply, the 

resonant frequency was determined. This is because resonance is selective based on the 

nanotube’s dimensions. Then the resonant frequency,/;-, of the CNT was used to 

determine the bending modulus because it is dependent on the Bending modulus, Ep, and 

is given by;

r. = A i
(D^ + D?)Es

(7)
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where D  is the outer tube diameter, Di is the inner diameter and L is the length of the 

nanotube. I ’hese parameters can be determined from a TEM image. The other 

parameters are constanls. The density of carbon is given by p, p)=1.875 and ^2=4.694, 

for the first and second harmonics.

After a bit of rearranging, one finds that the Bending modulus, Ep, as a function of the 

resonant frequency and other parameters is given by the following equation;

Hence, the once the resonant trequency, fj, of the CNT is found, one can determine the 

bending modulus.

A third measure of strength is the strain energy. The strain energy, Eo of the single-wall 

CNT, when considered as a graphene sheet, is given by:

nETdl

dt is the diameter of the nanotube, T is the length of the CNT per ID unit cell in the

direction of the nanotube axis and Eo is the Young’s or Elastic modulus of the sheet. 

Carbon is very unique in that it allows for hybridization of its o and tc orbitals. The great

strength of CNTs in the direction of the nanotube axis comes from first, the strength of 

the double bond between the carbon atoms due to the o bonding, % bonding and lastly,
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weak iiiterlayer interactions. The strain energy experienced by a CNT increases with 

decreasing diameter of the CNT. CNTs are very flexible in the direction peipendicular to 

their axis.

CNTs also have the ability to store elastic energy, which is the potential energy stored 

when a material is deformed. The first contribution to elastic energy in CNTs is due to 

the <J electrons. The second contribution comes from tr electrons.

CNTs, in compatison with trans-polyacetylene, experience only a limited Peierl’s 

distortion. Peierl’s distortion refers to the tendency of a double-single-bond combination 

to freeze into a series of quantum wells and barriers rather than hybridize into a 

delocalized electronic state, as shown in Figure 7. PeierTs distortion causes a metal- 

insulator transition, which combines a mechanical effect with an electronic outcome. 

Peierl’s distortion has been a serious limitation in attempts to manufacture carbon-based 

molecular electronics, such as polyacetylene-based molecular wires. However, it does 

not look to be a serious issue in CNTs. In CNTs, the Peierl’s distortion is applicable only 

to metals and hence to only one third of the CNTs, which are metallic in nature. Energy 

analyses indicate that, though the metallic energy bands are unstable under the PeierTs 

distortion, the induced energy gap is very small, < 10' eV [13]. A distortion of 10' eV 

would not be significant in a 0.5-1 eV bandgap measurement, and even if observed could 

be due to other causes. No serious PeierTs distortion problems have been reported in the 

literature to date.
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Thus, CNTs have many exciting potential applications due to their excellent mechanical 

properties, namely high Young’s modulus, high aspect ratio, and considerable strength 

and flexibility. Multi-wall CNTs are already being used as Scanning Probe Microscopy

tips [16] and could possibly be used as linear bearings [17], and coaxial conducting wires 

or capacitors. The formation of CNTs into space elevators [18] has also been theorized.

These excellent electronic and mechanical properties of CNTs have spurred research into 

other potential applications such as a battery [19-20], a flow sensor and a beam source for 

TEM [21-23]. Additionally, their high aspect ratio inspired research into their potential 

use as field-eniission displays, resulting recently in a highly compact CNT-based x-ray 

device for portable medical applications [24].
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Figure 8: PEIRELS DISTORTION (a) TRANS-POLYACETYLENE experiences a large 

PeierFs distortion while (b) Benzene is almost completely delocalized. CNTs exhibit only 

a small PeieiTs distortion.
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Theoretical G rowth Mechanism of CNTs

The axial growth mechanism (length-addition) of CNTs had been under debate for many 

years. The two most widely debated growth models for the growth of CNTs were the 

closed-growth and the open growth model. The closed growth model assumes low 

growth temperature (™1100®C) and that the nanotube is always capped. According to this 

model, growth occurs through the absorption of a C-2 dimer near a pentagon in the cap of 

the naiiotube. In the open growth model, a high temperature is assumed, and growth is 

also achieved by the addition of a C2 dimer. Capping to an open end occurs eventually 

due to the formation of a heptagon-pent agon defect pair, as illustrated in Figure 8. These 

hcptagon-pentagon pair defects are also known as Stone-Wales defects.

Some support for the open growth method comes from the direct observation of open-end 

CNTs [25]. Another piece of evidence which supports this model is the observation of 

CNTs inside larger diameter nanotubes. CNT encapsulated C^o fullerenes (“bucky 

balls”) have also been produced by pulsed laser vaporization, the majority of which 

involve 1.4 nm diameter CNTs, possibly due to the favorable van der Waals separation of 

0.3 nm [26]. There has been no experimental validation of the closed growth model. For 

both of these carbon addition mechanisms, a metallic catalyst need not be present, A 

catalyst was not used for the multi-wall CNTs from the NASA Goddard Space Flight 

Center.

Other proposed growth models included the polyyne ring nucleu,s model [27] and the 

Liquid-Met a!-Solid (LMS) model [28]. To date, these methods rely on the presence of a
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metallic catalyst. In the polyyne ring nucleus model, growth occurs when small 

monocyclic ring.s (C10-C60) join to form polycyclic rings and convert to either fullerenes 

or back to  monocyclic rings In the presence of cobalt (Co) in combination with one of 

three other catalysts: sulfur (S), bismuth (Bi) or lead (Pb). In the presence of cobalt, the 

other catalysts sulfur, bismuth or lead tend to increase the yield of single-wall CNTs and 

modify the diameter distribution f29]

The LMS mode! has been verified but only applies to the specific case where a catalyst 

was deposited on a substrate and growth was conducted using plasma. In the LMS 

model, essentially the carbon is absorbed into the catalyst and then upon saturation the 

carbon is extruded in the form of a nanofiber or nanotube. We have evidence that 

suggests that the carbon components of the CNT-Si nanowire heterost ractures produced 

by the experiments conducted at the University of Michigan were grown according to an 

LMS model.
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Figure 9: Formation Mechanism of End Caps in Carbon Nanotubes

Show are the formation of a disclination in carbon nanotubes via the a) addition of a 
pentagon, b) removal of shaded hexagons, c) addition of a heptagon, highlighted in red 
and d) addition of two pentagons and a heptagon. Arrows are drawn to allow for easier 
identification (Taken from M.S. Dresselhaus, G. Dresselhaus, A. .lorio et al, “Rtiman 
spectroscopy on isolated single wall carbon nanotitbe’', Ctirbon Vol. 40, pp. 2043-2061 
(2002)
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CHAPTER 2 

ANALYSIS METHODS 

The CNT-silicoii iianowire helerojunctioiis and the CNTs pre* and post-irradiation were 

investigaled using four methods: (1) Micro-Raman spectroscopy and Surface-Enhanced 

Raman spectroscopy, (2) scanning electron microscopy (SEM), (3) transmission electron 

microscopy (TEM) and high-resolution transmission electron microscopy, both with 

selected area diffraction, and (4) atomic force microscopy (AFM). These four methods 

will now be discussed in further detail

Raman Siiectroscopv/Surface Enhanced Raman Spectroscopy 

Raman spectroscopy reveals the bonding structure and the degree of purity of a volume 

of a materia] equal to the spot size times the penetration depth of the laser beam. There 

are two methods used in Raman spectroscopy: Anti-Stokes and Stokes. For this project, 

the Stoke’s method was used, i.e., a laser beam is incident on a material, induces lattice 

vibrations, or phonons, at certain frequencies, and causes the photon from the laser beam 

to lose energy. This loss of energy to the sample causes a shift in the wavelength of the 

photon. This shift is then detected by the monochromator. This results in peaks at 

characteristic shifts away from the original wavelength of the beam. Sharp peaks indicate 

a highly ordered material, whereas broad peaks are due to amorphous material. This 

allows us to differentiate between different moiphologies of carbon, such as SWCNTs 

and MWCNTs.
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The Micro-Raman system used for this project is shown in Figure 10. It consists o f an 

Argon-ioo laser from Coherent, an optical microscope, an Electron Tubes 9124B photo

multiplier tube and a Jan'cll-Ash 25-KK) series double Czerny-Turner monochromator set 

up in back-scattering configuration. The Raman system and the software for controlling 

the Raman system were designed and built by Joerg Mossbrucker for his Ma.ster’s thesis 

project |30]. The wavelength at which the CNTs were examined was 514.5 nm. The 

Raman spectra were deconvolved with Lorentzian peak amplitudes using PeakFit® 

software. For the Raman investigations the photomultiplier tube was air-cooled, and the 

room lights were turned off, to reduce noise. The samples were placed on the microscope 

stage and the laser beam was focused to a spot size of approximately 30 microns using 

the 60x objective.

For the Tubes® Rice single-wall nanotubes, at the 514.5 nm wavelength the two strongest

-1 Atangential modes occur al the Raman shifts of 1567 cm and 1591 cm . The peaks occur 

at the same Raman shifts at the 488 nm wavelength. However, the peaks have a smaller

full width at half maximum (FWHM) and are sharper. The D-band or “disorder peak” for

*-1CNTs and planar graphite occurs at 1350 cm and is a broad peak. For silicon, at the 

Raman peak occurs at 523.286 era'* and does not overlap with the carbon peaks in any 

experiments where both might be present. Multi-wall peaks have a Raman shift at about 

1580 cm '.

The radial breathing modes of CNTs occur at 248/di cm"', where dt is the diameter of the 

nanotube [13]. This spectral information was unfortunately available to us due to the

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



overlap o f  the high brightness laser line for the 514.5 and 488 nm wavelengths. An 

attempt to analyze the breathing modes using the HeNe laser was also uiisiiccessfiil. 633 

nm (red light) has a stronger coupling to carbon sp2 bonds than either 514.5 nm or 488 

nm wavelengths. However we found that our PMT lacked the requisite sensitivity in the 

red range.

Surface-Enhanced Raman Spectroscopy employs the use of metallic nano-particles 

(colloidal silver or gold) to enhance the response of the sample to the laser excitation.

The enhancement is primarily due to large local electromagnetic lleMs which come from 

resonant optical excitation of surface plasmons (packets of electrons) 131] That is, 

energy transfer between photons and the photons which occurs only when the wavelength 

where the quantum energy earned by the photons exactly equals the quantum energy 

level of the plasmons.
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Scanning Electron Mkrosccipy

Scanning eJectron microscopy (SEM) allows surface analysis of materials at the micron 

to nanometer scale. F'or the scanning electron microscope used in this project, the 

electron beam is generated by an electron gun, guided in a raster pattern down the column 

by two scanning coils in the objective lens and the electrons hit the atoms In the sample, 

resulting in various types of scattered electrons. They are secondtiry, back-scattered, and 

Auger electrons. Secondary electrons are low energy electrons excited from 100 

nanometers or less witliin the sample, back-scattered electrons are high-energy electrons 

which are reflected by an angle greater the 90®. These scattered electrons are then 

detected by an Everhart-Thoniley detector. The front of the detector is a Faraday cage. 

Secondary electrons, once inside the Faraday cage, are then attracted to the scintillator 

which is the second component of the detector, across which a 12 kV voltage is applied. 

The Scanning Electron Microscope was useful for determining the distribution of the 

CNTs in the Si-CNT heterostructure sample.

The Scanning Electron Microscopes used for this project were the CamScan 44FE Field 

Emission Scanning Electron Microscope and the Hitachi S-4700II Field Emission 

Scanning Electron Microscope. A field-emission scanning electron microscope differs 

from a regular scanning electron microscope in that emission from a sharp-pointed 

emitter occurs through application of a high electric field. Generally field-emission 

scanning electron microscopes allow for higher resolution and induce less damage to a 

sample.
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High-Resoliilittri Traiismission Electron Microscdpv/Traiismission FJectron 

M icroscopy

In TEM, an electron beam is geoeraled by an electron gun. For the Hitachi H~800 

(E=200 KeV, X=.00251 nm), the electron gun is thermionic, i.e., the electron beam is 

produced by the resistive (thermionic) heating of a tungsten filament. The electrons are 

sent down a column, hit atoms in the sample, whereby the electrons are scattered in a 

variety of ways (diffraction, reflection, and backscattering). Forward scattered electrons 

are the primary source of signals used in the TEM. High-Resolution transmission 

electron microscopy (HR-TEM) is used to analyze the atomic layer stracliire of nanoscale 

materials. HI^TEM  is therefore valuable in the .study of CNTs because it reveals their 

structure in atomic scale, their crystallinity and various mechanical properties. 

Transmission electron microscopy (TEM) provides structural information with re,solution 

equal to that of Atomic force microscopy (AFM). HR-TFiM has higher resolution than 

either AFM or TEM to atomic plane spacings.

Contrast in a TEM/HR-TEM is in three fonns: amplitude, diffraction and phase contrast. 

Amplitude contrast occurs when using a small objective aperture, excluding all electrons 

except those of either the transmitted electron beam or the diffracted beam. Diffraction 

contrast occurs when you have a two beam condition, so that you have only the main

beam and one strongly diffracted beam. Phase contrast occurs due to  differences in the 

phases of the electron waves scattered from a sample. A phase contrast image is taken 

with a laj'ge objective aperture. Regions of the sample with higher mass density or which 

are strongly biased will scatter more electrons, and therefore appear dark in the image
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[32]. How much information in reciprocal space is transferred to the image is dependent 

on H(u), the contrast transfer function. H(u) then is the product of the aperture function, 

envelope function and the aberration function. The phase distortion function is x(u).

%{u)= ”  CgA^u ̂  4- n:AAfu ̂ , where C, is the spherical aberration coeffi,cient, X is the

wavelength of the electron, A f is the defocus value, and u is the magnitude of the unit 

vectors in reciprocal space. %(u) is valuable because it allows one to determine the effect 

of spherical aberration, acceleration voltage and defocus value on the resolution.

In the case of the CNT~Si nanowire heterostructures, the amplitude contrast allowed 

ready differentiation between the silicon, iron and carbon components. The accuracy of 

the measurement of CNTs using TEM varies with the diameter of the tube. It has been 

reported that in general, based on simulations of TEM images, for CNTs with diameter 

larger than 1.0 nm in diameter, the estimate of the tube diameter agrees to within 10% of 

the value, whereas for those sub nanometer in diameter, the difference could be as large 

as 30% [32].

The CNTs were prepared for TEM and HR-TEM by ullrasonicating in ethanol, and then 

pipetting onto 3 mm diameter mesh copper grids covered with holey carbon film. The 

holey carbon film was prepared according to the procedure outlined in Appendix A. The 

primary benefits of holey carbon film are that it is stable under the electron beam, 

prevents charging of the material being investigated and supports more material than the 

copper grid alone.

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Calcii.latif)ii of dilYraftion patterns for CNTs

Selected area diffraction was an important tool for our analyses. The difffaction pattern 

in general reveals the crystallinity and the identity o f a material because the diffraction 

patterns for materials differ significantly for amorphous, polycrystalline and crystalline 

materials. Amorijhous materials produce rings for the diffraction pattera, due to the 

random orientation of the atoms, polycrystalline materials produce speckled rings, and 

crystalline materials produce spots. If the crystal does contain defects, then streak:s are 

produced. One can calculate the relevant parameters of intere.st, such as the lattice 

parameter and symmetry of a crystalline material using the diffraction pattern.

As previously mentioned, the brillouin zone of the CNT is comprised of rectilinear 

segments inside the hexagon of carbon atoms. The reciprocal lattice vectors, bj and bz 

for the CNT, are

hi =
2 ^  ,

,b2
2m

a

The various lattice spacings, d, for different orientations of a CNT or any crystal, can be 

found via the simple equation Rd=ilL, where R is the distance between diffraction spots 

or rings on a TEM diffraction pattern, L is the camera length, and % is the wavelength of 

the electron. For CNTs, HR-TEM reveals whether they are multi-wall or single-wall.

The expected diflfaction pattern for CNTs of different indices can be calculated by using 

the following equation given in a previous report |33]:
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where f (k )  is the carbon structure factor of the electron or X-ray, /?,• are the atomic 

positions along the helix, (n,m) are two integers representing the indices of the CNT,

k = ( k ^ , k y , k ^ ) i s  the w w e vector transfer, = J k ^  +k ^  , = tan'
J

, J„ is the

nth order cylindrical Bessel function (r,<p, z) are cylindrical coordinates of the “initiaJ” 

atom of the helix of radius r, pitch P  and atomic repeat distance p  in the z-direction.

The one disadvantage posed in using TEM and HR-TEM is that although they allow for 

highly detailed investigation of the structure of a material, due to the minute amount of 

the sample examined, it does not allow one to determine the unifoimity of properties of 

the majority of a material.

Atomic Force Microscopy

Atomic force microscopy (AFM) is a form of scanning probe microscopy (SPM), which 

provides structural information with tens of nanometers scale resolution. In AFM, a 

sharp tip made of SiN or silicon, which is attached to a cantilever, is brought close 

enough to the sample so that the atomic orbitals of the tip interact with those of the 

sample. The tip i.s raster scanned across the sample by a piezoelectric scanner. A laser
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beam is reflected off the back of the cantilever which holds the tip and detected by a four

cell photodiode. Therefore, when there is a change in the position of the tip, there is a 

change in the strength of the signal being detected by the photodiode quadrants. 'Fhe 

topographical image is formed via the stored vertical position of the piezoelectric scanner 

at each (x,y) point which was required to maintain either a constant height or a constant 

deflection or a constant oscillation amplitude near the cantilever resonant frequency 

(Tapping Mode, discussed below). Constant values are maintained through the use of a 

feedback loop.

There are two modes of AFM: Tapping M ode' and contact mode. In Tapping Mode , 

a micro machined silicon tip at the end of a silicon “diving board” cantilever is used. The 

diving board is oscillated near its natural resonant frequency by means of a small external 

signal. When the tip nears the sample surface, interactions with the sample induce small 

changes in the oscillation frequency, the rms amplitude of which is detected by the 

photodetector, and plotted as (z: x,y). The phase difference between the natural resonant 

and interaction frequencies can also be plotted (A<t>: x,y) and this information is 

particularly sensitive to material composition differences, and also to edges. This work 

was performed in Tapping Mode most of the time. In contact mode, a micro-machined 

SiN tip on the back of a triangular non-oscillating cantilever is used. Variations in the 

choice of the spring constant k of the cantilever allow flexibility in examining different 

surfaces, where k is the same as that in Hooke’s law, F=kx. The height, or the 

deflection, of the tip with respect to tlie sample surface is kept constant.
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AFM, IxK'ause of its bigli-resolution capabiiity, provides detailed information as to the 

surface structure of individual nanotubes as well as the presence of defects which go 

through to the surface. The pliase image reveals differences in the composition of a 

sample. Atomic Force microscopy is useful for structural and compositional analysis of 

the CNT and carbon nanofiber surfaces.

Scanning probe microscopy was conducted using the Nanoscope Ilia Multimode SPM 

System from Veeco Metrology Group/Digital Instruments, operated in ambient air.
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c h a :p t e .r  3

SYNTHESIS AND SAMPLE PREPARATION METHODS

The CNTs examinied for this project were synthesized by three different methods. One 

set of CNTs were commercially produced by Tubes® Rice and Carbon Nanotechnologies 

via the HiPco method (high pressure carbon monoxide (CO) decomposition) and 

produced exclusively single-wall CNTs. Another set of CNTs was produced at the 

NASA Goddard Space Flight Center using the carbon arc method in a helium atmosphere 

without a catalyst. This method produced exclusively multi-wall CNTS with well-defined 

walls composed of single graphene layers. The third method involved growth of 

MWCNTs as part of a MWCNT-Silicon nanowire heterostructure using plasma 

deposition in an inducti vely coupled plasma (ICP) Reactor. Two other hollow core 

carbon fibers with well-defined wall structures were also investigated for comparison 

with the CNTs. These were: Electrospun carbon nanofibers and vapor grown carbon 

fibers. All synthesis conditions will now be briefly described.

Production of Single-Wall Nanotubes

Single-wall CNTs, from the Rice University spin-off companies Tube@Rice, now called 

Carbon Nanotechnologies [http:// cnanotech.com/pages/about/4-l_background.html], 

were produced via the HiPco process and suspended in toluene. In the HiPco process, 

flowing CO is mixed with Fe(CO )5 through a heated reactor. The reaction produces iron 

clusters, which then serve as catalyst particles for CNT growth. More specifically the 

solid carbon is produced via the following reaction:

CO + C 0  -  > C(s) + CO2 (10)
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The CNTs are ihen suspended in a toluene solution. Before analysis by otir group they 

were purified and formed into “Biicky Paper” according to the procedure reported by 

RinzJer ei al [34]. In this process the Tubes® Rice suspended in toluene were first 

refluxed in 2-3 M nitric acid for 45 hours. After the reflux, the CNTs were placed in a 

container and allowed to settle and the brownish-yellowish .supernatant liquid on the top 

of the container was decanted. This w'as then followed by suspemhng the CNTs in 

deionized water via ullrasonicalioti, allowing the CNTs to settle and then decanting the 

supernatant liquid and repeating the previous steps two or three times until the liquid is 

dark throughout. Finally, the solution was dispersed in NaOH via ultrasonicatiori and 

then vacuum filtered through a membrane and allowed to dry, forming the “bucky paper”

Production of Miilti-wtill C arbon Nanotubes a t the NASA Goddard Space Flight 

Center

To produce the multi-wall CNTs at the NASA Goddard Space Flight Center, a graphite 

rod was welded at a steady rate with a Helium pressure of 50 psi and a current of 19 

Amps. The catalyst requirement was relaxed. The relationship between amount and 

quality of growth and experimental parameters including pulse width, current amplitude 

and helium pressure, has been under development. The specimens utilized in the 

radiation experiments were also subjected to a unique (patent pending) filtering process, 

which resulted in high MWCNT yields. Figure 32 shows examples of NASA GSFC 

MWCNTs, indicating good defect free walls between 5-20 layers in thickness.
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P roduction  of Mtilti-wall C arbon Nanotiibe-Si Nanowire H eterostniclures 

(C ollaborative lEftort, IJniversitv of M ichigan and Michigan State University) 

Carbon nanostructures o f approximately micron-scale lengths were grown in an 

inductively coupled plasma system, using a 20-nanometer layer of iron catalyst on a p- 

type (100) silicon wafer in methane-hydrogen-argon plasma. The carbon nanostractures 

were shown to be multi-wall CNTs and hollow core vapor grown carbon nanofibers. 

Simultaneously, tapered silicon nanowires were etched that retained the (100) orientation 

and crystallinity of the original silicon substrate. Increasing reactor times resulted in a 

progressive etch of the silicon nanowires, but no change in the approximately micron- 

scale lengths of the CNTs aid nanofibers. Junclion.s were observed between the silicon 

and carbon nanostructures.

The simultaneous growth/etching was achieved in an inductively coupled plasma system. 

Inductively coupled plasmas (ICP) have high radial uniformity and low pressure/low 

temperature operating characteristics [42] which make them attractive for large-scale 

applications. The inductively coupled plasma system was based on a modified Gaseous 

Electronics Conference (GEC) Reference cell [43]. The original GEC reactor had two 

parallel electrodes, 2.54 cm apart. The bottom electrode was biased with a 13.56 MHz 

radio frequency (RF) power supply at 50 Watts. In the modified cell, the lop electrode 

was replaced by a 5-tum coil that was also powered by a 13.56 MHz RF power supply at 

475 Watts. The pressure of the gas mixture was 100 niTorr with 87% Argon, and 6.5% 

methane and 6.5% hydrogen. Argon was used to sustain the plasma in the inductively 

coupled mode. Further details are reported in reference [44].
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Samples were prepared by ftMming a 10-20 nm thick Fe layer on a p-type (KX)) silicon 

substrate, using laser ablation [45-46J. Individual depositions were carried out over 

time periods of 1 hour 0 minutes, 3 hours 10 minutes, and 5 hours 23 minutes.

This work was performed as part of a collaborative effort with the University of 

Michigan using the University of Michigan Gaseous Electronic conference (GEC) 

Reference Cell, with its unique Spatially Resolved Optical Emission S'pectrometer 

(SROES). Nano.scale heterojunctions between silicon and other nanotube/nanowire 

materials may have iiiiportanl applications in nanoscale electronic devices, and as 

interfaces between new nano-materials and conventional silicon electronics. Formation 

of such nano-hetcrostnictures by means of a common catalyst and a Liquid-Metal-Solid 

(LMS) growth mechanism for both parts of the heterostruciure have been recently 

reported [35-41J.

Production of Electrospun Carbon Nanofibers

The pre-inudiation carbon nanofibers were electrospun from polymer monomers. The 

basic components of a typical electrospinning set-up are shown in Figure 33. The ES- 

CNF’ s in the present experiment were about 200 nm in diameter, but our collaborative 

group [60] has also spun fibers down to about 25 nm in diameter.

Electrospinning involves the application of electrostatic force between polymer 

monomers in solution kept in a ntuTow bore pipette or a syringe (capillaiy)) and a metal 

electrode kept: at a suitable distance [47]. A charged drop of monomer + solution is
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formed at the tip of the capillary, sometimes by lilting the syringe. With an increase in 

eleetric potential, the charged drop of polymer solution formed at the tip of the capillary 

is deforaied into a cone, know as “Taylor’s cone”. At a critical field, the force due to the 

electric field overcome.s the suri'ace tension forces holding the dropled, and the solution 

starts flowing towards the collecting electrode in the form of a charged jet. While in 

transit, most of the solvent molecules evaporate away and the different polymer .strands in 

the jet septirate out due to mutual repulsion (“splaying”). When these reach the collecting 

electrode the diameters of the self-assembled fibers are in the range o f  a few micrometers 

to nanometers. A basic electrospinning set-up and examples of electrospun carbon 

nanofibers are shown in Figure 33. The electi’ospun carbon nanofiber samples from 

MSU were provided by Professor Melvin S. Schindler, Department o f  Biochemistry and 

Molecular Biology, Michigan State University.

Production of Vapor Grown Carbon Fibers

Well-graphitized vapor grown carbon fibers were obtained from G. Tibbetf s research 

group at General Motors Research and Development Center in Warren Michigan. These 

were produced by carbon vapor feedstock thermal decomposition, flowed over a metallic 

catalyst bed, as described in Reference [48]
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CHAPTER 4

NEW HETEROS'FRUCTURE FORMATION MECHANISM 

The formation of silicon and carbon hetero-nanostractures in an inductively coupled 

plasma system by a simultaneous growth/etching mechanism was reported by our group 

in Reference [42]. Multi-wall CNTs were grown during one, three and five hour 

depositions while tapered silicon nanowires were progressively etched. The carbon and 

silicon nanostructures and the interlaces between them were studied by electron 

microscopies and micro Raman spectroscopies. This method has potential for large-scale 

controlled production of nano heterostraciures without the requirement of a common 

catalyst.

Scanning electron microscopy (SEM), transmission efectron microscopy (TEM) with 

selected area diffraction (SAD), high-resolution transmission electron microscopy (HR- 

TEM) with Energy Dispersive x-ray Spectroscopy (EDS), and micro-Raman 

Spectroscopy and Surface Enhanced micro Raman Spectroscopy (SERS) were used to 

characterize the resulting carbon and silicon nanostructures. The SEM was performed 

using a Cam Scan 44FE. The TEM was performed using a Hitachi H-800 Transmission 

Electron Microscope operated at 2(X) kV and the HR-TEM was performed using a JEOL 

JEM 2010F operated at 200 kV, at Michigan State University. A JEOL 4000 EX operated 

at 400 kV at the University of Michigan wms also used for some of the HR-TEM analysis. 

Samples were prepared for TEM/HR-TEM by wetting the surface o f the sample with 

ethanol and gently scraping, followed by dispersing the ethanol and sample via a pipette 

onto holey carbon film TEM grids.
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The micro Raman spectroscope consisted of a 0.75 m double raoiiochrometer coupled 

with an optical microscope, operated in backscattering configuration, with an argon ion 

laser as the excitation source. 514.5 nm and 488 nm excitation wavelengths were both 

used in these investigati.ons. SERS spectroscopy was performed as described in Ref.

[48], using 20 nm of sputtered gold on a glass substrate.

Scaiiniitg E k c tro n  Microscopy Results

For the three deposition time {reriods, SEM image.s taken at 0° tilt showed a uniform

sparse coverage of fibrous nanostiuctures on a dotted background. A typical example 

from the five-hour sample is shown in Figure 12. The coverage appeared to be uniform 

over roughly 4 cm sample areas. Upon tilting to 40°, it became apparent that the dotted

backgrounds were tips of tapered nanostructures perpendicular to the surface. Interfaces 

between the fibrous and tapered nanostructures were observed by SEM, as shown in 

Figure 12 (a) and (b).

TEM and Selected A rea Piffracllon Results and Micro-Raman Results 

TEM analysis indicated that the fibrous nanostructures observed in the surface plane had 

hollow cores and micron-scale lengths, as shown in Figures 13 (a)-(c). Selected area 

diffraction (SAD) patterns of these nanostructures revealed spot splitting of about 30°,

consistent with that expected for nanotubes [50]. An example of a typical diffraction 

pattern is shown in Figure 14. Micro-Raman and SERS spectroscopies of the 5-hour 

sample also indicated the presence of w'elFgraphitized carbon by relatively sharj) peaks at
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about 1580 cm’ with 8-10 cm" full width half maximum (IWHM). A typical peak is 

shown in Figure 15.

TEM analysis of the tapered nanostructures is shown in Figure 16. The lengths o f these 

nanostructures varied systematically as a function of reactor time. Approximate average 

lengths (3.4 micron.s, 0.5 microns, and 0,9 microns were observed for the l-hour, 3-hour, 

and 5-hour samples. The average base width for the 1 -hour and 3~hour samples was about 

100 nm, while the average base width for the 5-hour sample was about 150 nm. Typical 

examples of the progressively etched silicon nanowires are shown in Figure 17.

Selected area diffraction (SAD), which included tilting to multiple zone axes, showed 

that these tapered structures were single crystal silicon nanostructures with the [100] 

orientation along the long axi.s. The orientation analysis is shown in Figure 18. The 

structures were tapered silicon nanowires, not hollow core silicon nanotubes.

TEM images revealed dark contrast dots of about 5-20 nm at the tips or along the sides of 

most of the tapered silicon nanowires, as shown in Figure 19. These dark contrast dots 

were subsequently shown by HR-TEM, to be nanocrystalline iron.

Hkh-Resoliition TEM  and EP S .Results

HR-TEM was used to assess details of the silicon, carbon and iron nanostructures. Two 

size scales of fibrous carbon nanostructures were observed. Based on inner and outer

diameters, these were identified as multi-wall CNTs and vapor grown carbon nanofibers.

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



as shown in Figure 20. Background from the carbon holey film limited further resolution 

of the wall structures. The dark contrast dots were shown by HR-'FEM to be crystalline 

with well-defined atomic spacings consistent with bcc iron. EDS spectra provided 

further confirmation that these dark contrast features contained predominantly iron. The 

HR-TEM and EDS results are shown in Figures 21 (a)-(d). Iron nano-dots were 

sometimes observed at the tips of the carbon nanostractures as well as at the tips of the 

tapered silicon nanowires, also as shown in Figure 20.

Details of a heterojunction between a tapered silicon nanowire tip and a raiilti-wall CNT 

are shown in Figures 22 (a)-(c). The heterojunction appeal's to be about 4-6 nm wide.

An EDS spectram, shown in Figure 22 (b), provided further support for the identification 

of distinct silicon and carbon component pails.

Two types of nanostructures were observed in the plane of, and perpendiculai* to, the 

sample surfaces for 1 hour 0 minutes, 3 hours 10 minutes, and 5 hours 23 minutes reactor 

times. One was fibrous and micron-scale in length for all reactor times. The other was 

tapered, solid, and with an aspect ratio which changed as a function of reactor time. 

Analysis by TEM/SAD, HR-TEM/EDS, and micro-Raman/SERS indicated that the 

material compositions of these nanostructures were, respectively, carbon and silicon.

The carbon nanostructures were shown by TEM and HR~TEM to be multi-wall CNTs 

and hollow core vapor grown carbon nanofibers. The iron catalyst layer was shown by 

TEM and HR-TEM to be broken up into lO’s of nanometer-sized droplets by the action
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of ihe plasma. Iron dots with diameters treiwcen 5-20 nm were observed at the tips and 

along the sides of most o f the tapered silicon nanowires. They were also observed at the 

ends of some of the CNTs and nanofibers. The observed multi-wall CNTs and carbon 

nanofibers would be consistent with growth via a Liquid-MetaJ-Solid growth mechanism 

in the presence of the iron catalyst droplets.

The silicon nanowires were shown by TEM and SAD to be solid tapered nano-wires, 

with the [100] orientation in the sample normal direction, and with progressive length 

variations as a function of reactor time. This results is consistent with fonnation by an 

etching mechanism of the (1(K)) silicon substrate. Similar etchings o f silicon [51-52] and 

other semiconductor materials [52-53] have been observed in argon-methane plasmas. 

However, in our experiments, the etching of the silicon nanostractures was 

simultaneously accompanied by LMS-mechanism growth of the carbon nanostractures. 

As the iron catalyst layer was broken up into lO’s of nanometer-sized islands by the 

action of the plasma, it may have served as a nano-mask for the etching of silicon, as well 

as the LMS nucleation site for the growth of the multi-wall CNTs.

SEM images indicated that a nano-heterostructure junction was Ibrmed between the 

carbon nanostractures and the silicon nanowires at the pointed tips of the silicon. The 

formation of such junctions was observed for all three reactor times. The sample 

preparation method used in the present analysis reduced the probability of finding an 

intact heterojunction, but one intact specimen was located and analyzed by HR-TEM.

The multi"wall CNT-silicon nanowire heterojunction appears to be about 4-6 nm wide.
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which is a truly nanoscale heterojunction. Further experiments arc needed to deterraine 

how many junctions had a similar structure, and if this type of connection is found within 

the macroscopic junctions observed by SEM.

The conditions for simultaneous LMS growth of multi-wall CJSlTs and etching of high 

aspect ratio silicon nanowires can be achieved in an Inductively Coupled Plasma reactor 

system. ICP reactors are the current state of the art in the semiconductor fabrication 

industry for large-scal,e silicon etching, due to high radial uniformity and low 

pressure/low temperature operating characteristics. Our results indicate that the 

incorporation o f nano-raaterials produced by an LMS growth mechanism within a 

growth/etching fabrication cycle may also be possible. Tbi.s may in turn lead to practical 

large-scale manufacturing of nano-components of multiple materials, using an existing 

reactor tool for both the conventional silicon and the new nano- electronic materials.
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Figure 12: SEM Images Taken at O^Tllt of Five Areas of Wafer on Which CNT-Si 
Nanowires Formed After Five Hours in ICP Plasma 
SEM images taken at 0° tilt indicated a roughly uniform coverage of tubular 
nanostructures and “dots” for all samples. The above images are from the 5-hour sample
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Figure 13: Close-Up SEMs OF CNT-Si Nano wire Heterostructures After 5 Hours
SEM images taken at (a) top view: 0° tilt and (b) side view: 40° tilt, indicate junctions between the fibrous 
and the taoered nanostructures
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Figure 14; TEM Images of Carbon Structures Formed After 1,3, and 5 Hours in ICP Plasma 
TEM images of the fibrous nanostructures from the (a) 1-hour, (b) 3-hour and (c) 5-hour 
samples indicate approximately micron lengths and hollow core stmctures.
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Figure 15: TEM mages and Corresponding Diffraction Pattern of a Carbon Nanoiube 
Produced in ICP Plasma
(a) Bright field image with SAD aperture overlay and (b) rotationaliy correct SAD 
diffraction pattern showing spot splitting indicative of carbon nanotubes. Amorphous 
rings may be from either the tube surface structure or from the carbon support film
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Figure 16; Micro-Raman Spectra From Wafer Placed in ICP Plasma for 5 Hours, Indicating Well- 
Graphitized Structures
Micro Raman and Surface Enhanced Micro Raman Spectroscopy (SERS) from the 5~hour sample indicate 
the formation of well graphitized carbon nanostructures by relatively sharp peaks with FWHM about 8- iO 
cm*  ̂at 1580 cm‘\
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Figure 17: TEM images of the tapered silicon nanostructures
TEM images indicated the tapered structures were etched perpendicular to the surface.

The above image is from the 5-hour sample.
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Figure 18: TEM Images Comparing Lengths and Base Widths of Silicon 
Nanostructures
TEM Images after appx. (a) 1 Hour (b) 2 Hours and (c) 5 Hours in ICP Plasma 
TEM images indicate that the lengths of the tapered nanostructures varied 
progressively as a function of time: (a) 1-hour, (b)3-hour, and (c) 5-hour samples.
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Figure 19: elected Area Diffraction Verified that the Nanostructures were Crystalline Silicon 
(From 5 Hour Sample)
SAD diffraction images from the tapered nanostructures show patterns indicative of single 
crystal silicon with the [100] orientation along the long axis.
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Dark contrast dots at the tips andi along the sides of the tapered silicon nanowires
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Figure 21: HR-TEM of CNTs and Carbon Fibers Produced after 5 Hours in 
Inductively Coupled Plasma
HR-TEM images indicate multi-wall carbon nanotubes (NT) and vapor grown carbon 
nanofibers (CF). Iron (Fe) dots were sometimes observed at the tips of the carbon 
nanostructures as shown in the lower left corner insert.
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Figure 22 (a)-(b): HR-TEM Images of Silicon Components of CNT-Si 
nanowire Heterojunctions and Iron Nanodots 
(a) The dark contrast dots showed atomic spacings consistent with 
nanocrystalline iron, (b) EDS spectra were used to further confirai the 
identification of the iron nanodots (Spectrum 1) on the silicon nanowires 
(Spectrum 2).
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EDS was used to further confirm the identification of the silicon nanowires (Spectrum 2).
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Figure 23 (a)-- (̂b); HR-TEM IMAGES an Intact CNT-STNanowire 
Heterojunction (a) HR-TEM image of a heterojunction between a MWCNT 
and a tapered silicon nanowire tip (b) I.X)wer magnification view of the 
MWCNT-silicon nanowire helerojunction,
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a-IAPTER 5

HEAVY^ION INTERACTIONS IN NEW NANOSCALE MATERIALS 

Introdiictioii

To reiterate, space exploration is entering a new era, with the advent o f new micro space 

probes, and the increasing use of miniaturized equipment. The United States space 

agency, NASA, is planning to deploy in space electronic devices and enhanced 

composites constructed from the new’ly developed nanotube and nanowire components 

[55]. Heavy ion iiradiation is a significant component of the Low Earth Orbit (LEO) 

space radiation environment, where an increasing number of space platforms and 

satellites will operate. Heavy ions are known to induce failures in current state of the art 

components and electronic devices, tlirough uncontrolled ion implantation, which alters 

the channel conductance [56], and through lattice disruption mechanisms [57-58]. These 

problems may be exacerbated in microprobes, which have less radiation shielding. In 

addition, slate of the art conventional transistors iure increasingly snb-micron in 

dimension and more susceptible to radiation damage.

Experim ental Procedure

The radiation experiments were performed at the National Superconducting Cyclotron 

Laboratory (NSCL) at Michigan State University, whose available beam energies well 

match the energy spectra of abundant charged particles in space radiation environments. 

To simulate radiation doses from high-Z ions, the samples were iiradiated using the 

Kryplon-86 standard primary beam at J42A MeV/nucleon. As there are no published
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guidelines for beam exposure times In nanoscale materials, these experiments were 

conducted with doses and exposure times comparable to those that can be expected to 

damage or destroy current state-of-the art silicon circuits. Failures under dose in a diverse 

range o f silicon devices and technologies indicate that initial damage thresholds are at 

about 10 Gy 158]. Thresholds for radiaiion-lnirdened devices are at about 1000 Gy. 

Almost all devices will fail before doses reach 10“ Gy.

Single wall CNTs (.SW~CNT), imilti-wall CNTs (MW-CNT), tapered silicon nanowires 

(T~SiNW), electrospun carbon nanofibers (ES-CNF), and vapor-grown graphitic carbon 

fibers (VG-CF) were irradiated. The choice of samples allowed us to investigate heavy 

ion interactions with multiple carbon wall structures: graphene single crystal, i.e., SW- 

CNT, nested graphene single crystal, i.e., MW-CNT, highly ordered organic networks, 

i.e., ES-CNF, and stacked graphite crystal platelets, i.e., VG-CF. Investigation of the 

silicon nanowires will allow compimsons between the behaviors of carbon versus silicon 

at the nanoscale. The SWCNTs w'cre in the form of a buckypaper to maximize the 

volume available for heavy-ion interaction.

Sample Preparation

The NASA CNTs and the “Tubes@Rice” were ultra-sonicated in ethanol, placed in 

quartz capillary tubes and the ethanol was then allowed to evaporate, leaving the samples 

(except the carbon nanofibers and the CNT-Si nanowire helerostructures on the walls of 

the tube. In the case of the CNT-Si nanowire heterostructures, the wafers on which they 

w'ere grown were simply placed in the quartz tubes after being cleaved to a size that
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allowed them to fit into the tubes. The clectro-spun carbon nanofibers were placed in the 

tubes in their original form.

100 Gy, LOGO Gy and 10,000 Gy were set as the target doses for our exjreriments. The 

individual doses varied somewhat as a function of mass, sample type (density), and 

packing volume. Fifteen samples were placed in quartz tubes arranged as 6/5 tubes per 

row wide (close packing) and 2 rows deep in a rectangular holder. Eiach individual quartz 

tube had an outer diameter of 3 mm, an inner diameter of 2 mm, and a total length of 70 

nirn, of which about 20 mm at the top, containing the samples, was exposed to the beam. 

The quartz tube array was placed in front of the beam port. Dose calculations included 

the effects ol'tbe quartz sidewalls in the first and second rows, the zirconium foil vacuum 

window and the small air gap between the window and the sample array. The beam was 

transported to the NSCL N4 vault end station by dipole and quadrupole magnets, and 

focused there to an area having dimensions of 2-cm (height) by 2-cm (width), as 

measured from known dimensional markings on the beam-viewing scintillator placed at 

the beam line exit vacuum window. The beam area was sufficient to irradiate the 

complete extent of the samples. The upstream current was measured in the extraction 

channel of the Kl 200 cyclotron, using a remotely operated beam probe. The exit and 

upstream current measurements were ralioed to access the beam factor. For each 

subsequent experiment, the upstream current was measured both before and after the run. 

From the Faraday cup measurement and subsequent probe measurements, a stable current 

of 0.3 particle-picoamperes (ppA) or 1.87 x 10*’ particles per second, was estimated as the
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beam current at the exit point during the experiments. Therefore, the particle flux was 

4.68 X lO"' particles per second per

Fre»lrradiation Cakulatioiis

Prior to the irradiation of the samples, calculations were performed to estimate the 

irradiation times necessary to achieve the desired doses of ICX), TCMK), and 10,000 Gys 

First, the necessary dose was determined. This was done as follows:

1) The mass of the carbon was calculated. The density of the carbon was estimated 

by the value for graphitic carbon, 2.24 The density was then multiplied by

estimated volume of the carbon, 2.84 E-02 cm" (R=thickness=.05 cm, height=l 

cm).

2) TTie energy loss was determined after a series of calculations using a specially 

developed software package at the NSCL. Hence, the dose per part Gy/ion, which 

is the energy loss in the carbon divided by the mass of the carbon determined to 

be 7.35 E+06 per part Gy/ion

Secondly, the total number of ions needed to achieve the desired doses was determined 

by dividing the desired doses by the dose per part Gy/ion. This gave the total number of 

ions needed to achieve 100,1,000 and 10,000 Gy. Finally, to determine the necessary 

amount of time needed to achieve the doses, the total number of ions necessary to achieve 

the desired doses was divided by the beam current, wdtich was .3 particle pico Amps 

(ppA) =1.8 E+06 particles per second
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The results are tabulated below in Table 1

Table 1. Calculations Performed to Det.emiine Irradiation Times

86 Kr
Dose per part 

Gy/ion

Dose

(Gy)
lons/sec

Time at .3 ppA 

(Sec) (Min) (Hr)

142 MeV 7.35 E-U6 100 1.36 E+07 l.)3 E + 0 0 1.89 E-02 3.15 E-04

1,(XK) 1.36 E+08 1,13 E +00 1.89 E-01 3,15 E-03

lOXX'X) L36E409 1.13 E+(X) 1.89E+()0' 1 3.15 E-02

Post“lrradiation Cakotations

Detailed calculations were made in order to verify the exact dose that the single wall 

CNT film was exposed to, seen in Table 2. The approximate area o f the carbon film was 

calculated and was carefully weighed. The parts per second were then calculated to 

determine how many ions were reaching the sample and the required time in order to 

achieve the desired dose.

Table 2. Calculations Performed to Determine Actual Doses.

Sample -Carbon Area 
(mm^) Sample Mass (g) Ions Time (sec) Sample Dose (Gy)

J 16.92 0.013 7.92E+04 900 3.42E+02
2 16.92 0.005 7.92E+04 90 8.89E+01
3 16.92 0.0099 7.92E+04 15 7.49E+00

Radiation Experiment Results

Fre versus post irradiated specimens were investigated for structural and chemical 

alterations. SEM, FE SEM and AFM were used to investigate changes to the external 

structure. Transmission electron microscopy and high-resolution transmission electron 

microscopy were used to investigate changes in the internal structure. Selected area

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



diffraction was used to detect any departure from cryslallinity. Micro Raman 

spectroscopy/Suriace enhanced Raman Spectroscopy and was used to  investigate the 

molecular bonding present and to monitor the appearance of any defect induced peaks.

The results are presented in decreasing order of damage effects, to show the damage 

mechanisms present in the VGCF and ESCNF samples under heavy ion irradiation, and 

their absence in the irradiated SWCNT and MWCNT samples.

Radiation Damage Effects in the VGCF Samples

Pre-irradiation characterization of the VG-CF was obtained by SEM, TEM and micro 

Rarnan spectroscopy and indicated well graphitized hollow core stacked platelet [56] 

fibers with fairly uniform 150 nm diameters of about 150-200 nm, as shown in 

Figure 23(a). By 90 seconds (1,(K)0 Gy) in’adiation, substantial damage was observed 

over most of the sample area, as shown in Figure 23 (b). The fibers become vaporized 

into disordered or amorphous carbon with very few fibers remaining.

Sample damage was so severe that insufficient amounts of the 15 and 900 second

samples remained for analysis, after extraction from the quartz tubes. In the future, a 

different sample preparation technique using thin flat quartz plates will be employed. 

Also, it will be known in advance that this type of sample can be reduced to a very fine 

powder which is very difficult to handle. Figure 24 shows a possible damage mechanism 

associated with this type of radiation damage. The radiation beam introduces an 

interstitial, mi excited 86Kr ion, which induces a vacancy in the plane of the graphite.
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This interstitial also creates a vacancy in the graphite. There is then a subsequent 

contraction in the in-plane (a-plane) direction and expansion in the out. of plane (c-plane) 

direction, resulting in the disintegration of the fiber.

.Radiation Pannage Effects in the ESCNF Samples

The electrospun carbon nanofibers (ES CN.F) produced at. Michigan .State University 

using a homebuilt system used poly e~caprolactone as the polymer monomer; the ES 

CNF fibers produced at the Donaldson company (industrial partner o f Professor Melvin 

S. Schindler) used a propriety mixture. Tapping Mode Atomic Fo.rce Microscopy of the 

post-irradiation electrospun carbon nanofibers indicated damage spots (lO’s of nms), 

which may be due to intense local heating which caused “melting”. FE SEM's, shown in 

Figure 32, were used to confirm that the results of the AFM analyses were truly 

representative.

TEM analysis also showed progressive damage with increasing radiation, as shown in 

Figure 35. We noticed the appeai'ance of dark contrast areas, which seemed to be 

increasingly prominent by 900 sec. Dark contrast areas may indicate changes in 

molecular structure, corroborating the hypothesis that local “melting” did occur.

This interpretation would be consistent with a known radiation damage mechanism in 

polymer materials [65]. Intense heating could be caused by scission of the side chtdns or 

by transfer of phonons down a carbon chain until an end site is reached. .Further damage 

could have been gene.rated through formation and release of volatile oxygen compounds
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such as CO and CO2 . The nature and degree of cross-linking and hence the availability 

of side chains as a function of tube diameter is currently under investigation, and will be

investigated in a further series of radiation experiments.

Radiation Results for the SW CNT Samples

A continuous film of single wall CNTs (bucky paper) was studied to maximize the 

possibility of an interaction. The following results are shown in Figures 27 (a)“(b). 

Tapping Mode Atoinic Force Microscopy studies of the surface morphology did not 

indicate any obvious damage at any radiation dose. Wide a'ea analysis by FE SEM (20 

microns x 20 microns) also did not indicate any obvious morphological changes,

Micro-Raman is a volumetric measure over an even wider area. For our Raman system 

the 60x objective used in these experiments, and the spot size was 30 microns in

diameter. The Micro-Raman spectroscopy of the tangential mode region, 1500-1700 cm*

1 -I, clearly indicated the double peak at about 1560 and 1590 cm , that corresponds to the

well-studied signature of mixed metallic and semiconducting single wall CNTs [14]. In

-1the 900 .second (10,000 Gy) Raman spectrum, a slight peak at about 1350 cm may 

indicate the presence of some disordered carbon. The conclusion was the SWCNTs did 

not show any obvious radiation damage, when investigate by AFM, FE SEM, and Micro- 

Raman Spectroscopy
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Radiation Restilte for the M WCNT Samples

FE SEMs of the nmlti-wall carbon nanotubes also showed consistent radiation resiliency 

throughout all radiation doses. In the pre irradiated sample, the nanotubes were difficult 

to find and seemed to be buried in the disordered carbon bulk. The MWCNT show with 

increasing cleanness in the 15 sec, 90 sec and 900 sec FE SEM image. It is possible that

the heavy ion irradiation vaporized some of the amorphous carbon content of the 

samples, leaving the MWCNT intact and exposed.

One sample of the Multi wall CNTs was studied via High-Resolution transmission 

electron microscopy. The 90 second (1,000 Gy) irradiated sample was showed no visible 

structural damage as seen in Figure 26. Further HR TEM' of all of the irradiated MWCNT 

samples is ongoing, and further Micro Raman spectroscopy is also ongoing.

Summary of Heavy Ion Irradiation Results

Moiphological and molecular bonding characterizations of single wall buckypaper CNT 

films and multi-wall CNT samples indicated little damage for 100,1,000 and 10,000 Gy 

86-Krypton radiation doses at 142 AMeV/nucleon. By comparison, vapor grown carbon 

fibers showed substantial disruption after 90 seconds heavy ion irradiation (1,000 Gy), 

and total loss by 900 seconds. Electrospun carbon nanofibers showed damage at all 

radiation doses, with increasing damage at increasing doses, and extensive damage by 

900 seconds. The damage pattern for electrospun carbon nanofibers appears to be 

different than that for vapor grown carbon fibers. Known damage radiation mechanisms 

for graphitic vs. polymeric materials are consistent with the observed results for vapor
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grown carbon fibers and electrospun carbon nanofibers. However: neither damage 

mechanism w'as explicitly observed in irradiated single and rnulli-wall carbon nanotubes.

These results indicate that CNT textiles and components may have good heavy ion

radiation resilience that would make them appropriate for deployment in space 

applications.
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Figure 24: SEM Images o f Vapor Grown Carbon Fibers
The pre-irradiation fiber diameter is about 150 nm. SEM of (a) Pre-irradiation (b) radiation damage at 90 seconds
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Figure 27; AFM Height Images of Eiectrospun Carbon Nanofibers Electrospun carbon 
nanofibers (precursor monomer poly(8-caprolactone)). The diameter is about 200 nm. 
Tapping Mode AFM, of (a) pre-irradiation (b) radiation damage at 15 seconds (100 
Gray), (c) radiation damage at 90 seconds (1,000 Gray), (d) radiation damage at: 900 
seconds (10,000 Gray)
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(a)

Data Type
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Phase 2,50 um 
86.1 deg

Figure 28 (a): AFM PHASE Image of Tubes@Rjce Prior to Irradiation 
Continuous film of single-wall carbon nanotubes, individual diameter about 1.4 
nm. Tapping Mode AFM images all resembled (a) indicating no observable 
morphological damage.
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Micro Raman spectroscopy of the pre-radiated sample
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Figure 29: Raman Spectra of Tubes@Rice After a 900 seconds.
Micro Raman spectroscopy of irradiated sample after 900 seconds (340 Gy) also indicated 
little damage



Figure 30: HR-TEM Images of Multi-wall CNTs after 90 seconds. 
Both images show no radiation damage after 90 seconds
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I
Figure 31: FE SEM Images of Tubes@Rice prior to irradiation. 
[Images taken by Benjamin Jacobs]
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a)

b)

c)

Figure 32: FE SEM Images of MWCNTs grown at the NASA Goddard Space 
Flight Center taken after irradiation, 
a) 15 seconds b) 90 seconds and c) 900 seconds of iixadiation 
[Images taken by Benjamin Jacobs]
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10 nm

Figure 33; HR-TEM Images of NASA Goddard Space Flight Center Multi-wall
CNTs Showing Distinct Wall Layers
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Figure 34: Electrospinning Set-up
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Figure 35: HR-TEM' Images of Electrospun Carbon Nanofibers Showing Progressive 
Damage from ()~ 900 seconds (a) Pre-irradJation (b) 90 seconds (c) 900 seconds
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CHAPTER 6 

DISCUSSION

The CNTs from the NASA Goddard Space FJight Center were not affected up to the 

highest radiation dose over 900 sec. These CNTs were shown by HRTEM and Raman to 

be high quality multi-wall CNTs with diameters ranging from 5-10 nm. They were 

produced via the carbon arc discharge method in a helium atmosphere at the NASA 

Goddard Space Flight Center. Single-wall CNTs from Carbon Nanotechnologies 

(Tubes@Rice) were also not alTected up to the highest radiation dose over 900 sec. By 

contrast, two other hollow core carbon stniciures/nanostructures, vapor grown carbon 

fibers (VGCF) and electrospun carbon nanofibers (ESCNF), showed considerable 

damage by the highest radiation dose and significant damage even at the lower doses.

The radiation damage mechanism appeared to be different for the VGCF and ESCNF, 

being possibly amoiphitization in one case and local melting in the other. Thus, while 

these two different damage mechanisms were possible outcomes of our radiation 

experiments, neither seemed to apply to single and multi wall carbon nanotubes up to the 

radiation doses studied. These results indicate that CNT textiles and components may 

have good heavy ion radiation resilience that would make them appropriate for 

deployment in space applications.

Heavy ion radiation, although a significant component and a serious problem for low 

earth high declination orbits, is not the only type of radiation found in space. For 

example, another important feature in 1120 is the South Atlantic Anomaly (SAA), which 

is an area of exceptionally liigh proton density, and placed over much of South America
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and the South Atlanlic Ocean. Cun*eiitly those satellites that travel through the SAA 

experience higher rates of single event effects (vSEE) than those that do not. In 

laboratory experiments on earth, it has been noted that purified single-wall CNTs 

(particularly isolated single-wall CNTs) do not appear to be stable under the electron 

beam of the electron microscope I63-64]. Multi-wall CNTs were also reported by Bursill 

et al to be unstable under the electroti beam of the transmission electron microscope [64]. 

Electron radiation (gamma radiation) is also a type of ionizing radiation found in space. 

These reports underscore the need for total ionizing dose (TID) experiments on nanotwbe 

components and circuits. Our group ctuTently has research efforts underway for TID 

experiments on nanotube components and nanotubc circuits as part o f a collaborative 

effort of Michigan State University with both the NASA Goddard Space Flight Center 

and the NASA Jet Propulsion Laboratory.

T ransport

Transport studies are the major emphasis of the thesis project of Benjamin W. Jacobs, 

who will be continuing this research. Heavy-ion radiation and total dose effects on CNT 

and Gallium Nitride (GaN) nanowire-based nanocircuits will both be examined. 

Transport evaluation studies will be conducted with scanning tunneling microscopy, two- 

point, and four-point probe measurements. Some of these studies will also investigate the 

effect of thermal vtirialion on transport, using the world-class cryogenic facilities at the 

NASA Goddard Space Flight Center (micro to milli Kelvin).
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Gold and Paliadium contacts will both be investigated. The goals of this part of the 

research are to carefully investigate the nature of the Schoitky-barrier at the nanocontacts.

NASA has a well-established generic need for radiation tolerant technologies for flight 

electronics, spanning from spacecraft systems to scientific instruments. Current state-of- 

the-art radiation-hard microelectronics cannot be used without heavy shielding in 

environments such as the Jovian or in proximity of a Radioisotope Thermal Generator 

(RTG). This impacts heavily the mass budget of a mission, A potential solution to tlus 

problem can be sought in using nanometer-sized devices, whose small active volume 

makes thera inherently radiation tolerant. During the transport studies, the electrical 

characteristics will be monitored for changes as a function of the absorbed dose. The 

results will be analyzed to (1) extract the essential characteristics of the technology, (2) 

evaluate its radiation tolerance, and (3) assess the feasibility of nanotechnology for 

infusion in NASA missions.
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APPENDIX A

Preparation Procecture for TEM Grids With Holey Carbon Film

1 Dissolve about 0.4% formvar or butvar in chloroform (make about 100ml), add 

about 1% glycerol and shake until you have an emulsion.

2. Decant into a tall 25 ml teaker and dunk a clean glass slide into the solution. Remove 

from the solution at a slow but constant rate. Allow it to flash in a vertical position.

3. Hold the dried .slide in a saturated steam plume until it.s well beaded with condensate 

but the condensate isn’t sheeting.

4 Scrape the edges of the slide with a plastic bottle cap to break the film free.

5 Float the film off the slide by gently immersing the slide in a dish of D1 water. It 

should appear to silver to gray in reflected light.

6 Make an array of grids on the film.

7 Lay a piece of paper (typing paper or a Postit note paper) over the grids and allow the 

paper to wet.

8. Gently lift the paper off the water surfece and allow to dry, grid side up.
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9. W hen dry, carbon coat.

10. Place the carbon coated grids, still on the lifting paper in a glass petri dish into which 

you’ve placed a pad of filter paper completely soaked in chloroform. Cover and 

allow the petri dish to stand under a hood until the chloroform flashes off.
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APPENDIX B

Irradiation Procedure using the Coupled Cyclotron Facility at the National 

SuperconcJucting Cyclotron Laboratory

86Samples were irradiated using a primary beam of K t at 142A MeV. When having 142 

MeV per nucleon, has a total energy of 12.212 GeV. The beam was transported to 

the NSCL’s N4 vault end station by dipole and quadrupole magnets, and focused there to 

an area having dimensions of 2-cm (height) by 2-cm (width), as measured from known 

dimensional markings on the beam-viewing scintillator placed at the beam line exit 

vacuum window. The vacuum window was a zirconium foil, having a diameter of about 7 

cm and a thickness of about 0.02159 mm.

The beam current was initially measured at the exit point using a Faraday cup. A beam 

slop was pressed into a long copper pipe for accurate electron current collection. The 

beam stop was a solid cylinder of Hevimet**, an alloy of tungsten, nickel, and copper. Its 

diameter was 5.08 cm and its length was 5.093 cm. Insulating rings were placed around 

the Hevimet-copper-pipe assembly, and the assembly was placed in the beam line, 

forming a Faraday cup for current integration. For reference, the range in Hevimet of an 

ion of ®̂ Kr having 12,212 MeV is about 1.12 mm.

The upstream current was measured in the extraction channel of the K1200 

cyclotron, using a remotely operated beam probe. The exit and upstream current

measurements were ralioed to assess a beam transmission factor. For each subsequent 

experiment, the upstream current was measured both before and after the run. From this,
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a stable current of 0.3 particle-picoamperes (ppA) was estimated as the beam current at 

the exit point during the experiments.

a HD18, by Mi-Tech Metals, Inc., 1340 N. Senate Ave., Indianapolis, IN 46202; HD18 
is 95% tungsten, 3.5% Ni, and 1.5% copper, and has a density of 18 g/cm^.
’’ Ranges and energy losses reported in our paper were calculated using the computer 
code SRM-2003: J. F. Ziegler and J. P. Biersack, SRIM code, http://www.sriin.org/ 
(2003).
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