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Abstract

This research studies the radiation damage on polymeric materials
caused by accelerated ions. Gaseous ions are accelerated to different
energies between 10 keV and 50 keV at fluences up to 10" jons/cm? by 200
keV Whickham ion accelerator at room temperature. The 2x2 cm’
polyimide Kapton films, with measured thickness of 62 micron, is
bombarded by selected ions from an incident direction normal to target
surface. The penetration depth of ions at this energy level is of a few
microns which is much less than the thickness of the target, so the kinetic
energy of the ion is completely deposited into the target to cause radiation
damage.

The radiation damage results on the target is analyzed by contact
mode atomic force microscopy (AFM) performed in ambient condition.
Different types of surface topographic features are observed on ion
bombarded Kapton. The depth of damage is measured and compared with
the calculated result from TRIM program which is based on the ZBL

(Ziegler, Biersack and Littmark) theory of stopping power and range. The



depth measurements and unique cross-section of the radiation-induced
damage clearly support the proposed model for ion induced crater formation

on a polymer surface.
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Chapter1  Introduction

1.1 Prologue

For the past three decades, the radiation-induced property alterations
on materials have attracted considerable interest in both academic research
and industrial application. The irradiation effects which cause property
changes to materials can be classified as irradiation-induced modification or
radiation damage depending upon whether or not the property changes are
desired. For example, as a property modification technique, ion beam
technology has played a very important role in the semiconductor industry.
On the other hand, a great amount of research has been put into studying the
radiation damage to materials, from metal to polymer, in such environments
as outer space and inside the nuclear reactor because of the serious concerns
about safety and reliability.

The radiation-induced property change on materials can also be
categorized in terms of the source of radiation and the energy of the incident
particles. For studying irradiation-induced surface change in polymers, ions

of energy below 50 keV are used. This falls into the category of low energy



ion radiation. At this energy level, most ions have a penetration depth of a
few microns which is very important for surface properties. As one of its
applications, the ion beam has be used to improve the surface property
against wear and corrosion[1]. However most applications of the ion beam
technique are in the semiconductor industry. Highly accelerated ions with
energies of MeV have been used intensively to implant dopants into Si
wafers and GaAs materials.

The main advantage of the ion beam technique is that all parameters
associated with incident ions can be precisely controlled. These include
energy, fluence, incident angle, mass and charge state of incident ions.
Because of this feature, ion beams are not only utilized for material
modification but also for simulating radiation damage to materials in special
environments. NASA has conducted numerous experiments on radiation
damages to its low orbit earth satellites caused by collision with energetic
particles[2]. In Canada, scientists at AECL Chalk River Laboratory pointed
out that the costly January 1994 failure of Canadian Telesat
telecommunication satellite Anik E2 would have been prevented if its
components had been tested in a simulated environment by their Tandem

ion accelerator[3].



Several ion beam based analysis technologies have been developed to
characterize the structures and compositions of materials. Among them
Secondary Ion Mass Spectroscopy (SIMS) and Rutherford Backscattering
Spectroscopy (RBS) have been widely used in surface study and proved to
be successful on metals and semiconductors. Although these techniques can
provide information of ion depth and chemical changes, they have a major
drawback. Since both utilize an ion beam with energy from a few keV up to
MeV[4,5], the impacts caused by incident ions sometimes may alter the
surface and cause discrepancies on measurements. This effect may not be
ignored especially in studying relatively soft materials such as polymers.

As a group of materials, polymers are relatively new compared to
metals and alloys. However, for the past fifty years polymeric materials
have dramatically changed the world of materials science and engineering
as well as the life of ordinary people. The word polymer comes from the
Greek words poly meaning “many” and meres meaning “parts”. Although
there are natural polymers such as natural rubber and silk, almost all
polymers used today are synthetic polymers. Each polymer is a long chain
molecule made by repeating a identical structure, called a monomer, to form

big molecules with thousands of these repeat units. A typical synthetic



polymer sample contains chains with a wide distribution of chain lengths.
Polymers can be classified by their processing characteristics or type of
polymerization mechanism. More specific classification can be made on
polymer structure. Instead of using the word polymer, the commercial
materials, other than elastomers and fibers, that are derived from synthetic
polymers are usually called plastics.

The polymer film used in this experiment belongs to a very important
polymer family called polyimide. In general, polyimide has high-
temperature and oxidation stability, good electrical-insulation properties
and radiation resistance which have made them being widely used as
electronic packing materials, cable insulators in nuclear reactors, matrix
components of graphite composites for compressor valves in jet engine and
insulating materials in spacecrafts[6]. The ion beam induced property
change effects on polyimide have been studied in order to evaluate radiation
damage in a simulated environment. Of many property changes in ion
bombarded polyimide, surface topographic change has not been well
studied until a couple of years ago because of the lack of an adequate tool

for surface analysis. This situation has changed after the invention of atomic



force microscope (AFM) which is a important member of scanning probe
microscope (SPM) family.

Since the Scanning Tunneling Microscopy (STM) was first developed
by Binnig, Rohrer and Gerber at IBM Zurich Research Laboratory in the
early 1980’s [7], many types of scanning probe microscope (SPM) have
been invented to study different properties of materials at atomic resolution.
Among them, the atomic force microscope (AFM), referred as scanning
force microscope (SFM) by some literature, is the most versatile one for
surface study. Not only can it be operated on conductors, semiconductors
and insulators, in air, vacuum and liquid, it can be used to study different
types of surface properties. With these state-of-the-art surface analysis
techniques in hand, scientists and engineers are now able to study the
surface at atomic level as well as to build micromachines, motors and
sensors, in nanometer (nm) scale. It is truly an exciting world for both
researchers and industrial application developers. In this thesis, this surface
analysis technology is used to study low energy ion bombarded polymeric

materials.



1.2 The Origin of This Research

Unlike ion bombardment on semiconductors and metals, the study of
ion beam induced damages on polymer is a relatively new area in terms of
numbers and dates of research articles published. Besides limited numbers,
most papers published before the 1990’s are focused on the depth profile
and range of ions in polymers which are important to ion implantation
technology. The surface topographic study on ion bombarded polymeric
materials began in the late 1980°s after scanning force microscopy was
developed. So far it is still a developing area where both experimental and
theoretical researches are quite active.

[ first got into this study in 1993 when I was working as a research
assistant at the accelerator center of the University of Manitoba. At that time
our group was interested in studying proton induced radiation damage on
Kapton film, which has been used as an insulator in nuclear reactors, under
a controlled environment. To simulate this process, Kapton film and mica
have been bombarded by hydrogen and deuterium ions accelerated by 120

keV Narodny linear accelerator at different energies.



Since the Narodny ion accelerator was designed and built in the early
1970’s, the ion beam is focused as a circular spot on the target surface rather
than scanned as in most late model ion accelerators. Beside frequently
occurring problems with cooling and vacuum systems, the worst part of
Narodny was it did not even have a mass analysis system until one was
installed and calibrated in the summer of 1993. After we managed to fix all
these problems, the experiment of deuterium ion bombardment on Kapton
was conducted. On the ion bombarded Kapton film, a darkened circular spot
was clearly visible. This “darken” effect is the most common effect on ion
bombarded polymers. It indicates the degradation of polymer which is
generally caused by chain scission induced formation of carbon islands and
release of free radicals{8a, b].

The traditional surface analysis technologies such as Raman
Spectroscopy and Fourier Transformed Infrared Spectroscopy (FTIR) have
been used in previous research. All those technologies have the drawback of
producing averaged information of surface rather than resolving spatial
information locally. So it was decided to utilize the atomic force microscope
(AFM) to study the ion bombarded polymer surface. After taking a graduate

course on STM and AFM from Dr. D. J. Thomson at the Department of



Electrical and Computer Engineering, I was able to take surface images by
using STM and AFM. In the summer of 1994, many images were taken
from ion bombarded Kapton film and ion beam induced crater formation
with unique cross-section profile was first observed. Two years later, in
1996, a paper based on this research was accepted and published by
Materials Science and Engineering (B) [9].

While I was going to extend this research by investigating the
radiation effects on Kapton caused by different ions at different energies
and fluences, the project was suspended for various reasons. It was not
resumed until the fall of 1996 when Dr. M. N. Bassim shown his interests in
this research and decided to support it. Since then more ion bombardment
experiments have been conducted on the 200 keV Whickham ion
accelerator at McMaster University. Kapton films were bombarded by
Deuterium, Helium, Nitrogen and Argon ions at energy from 10 keV to 50
keV and fluence from 10" to 10" ions/cm? Hundreds of surface images
have been taken by AFM. More features have been observed and a model is

proposed in order to explain crater formation on Kapton surfaces.



1.3 The Aim and Scope

The aim of this research is to study the ion induced radiation damages
on polyimide Kapton surface. To achieve this goal, surface images have
been taken from ion bombarded surface and the depths of surface damages
are measured by using atomic force microscope (AFM). Theoretical
calculations of depth and range are carried out by using TRIM program. The
experimental and calculated results are compared in order to evaluate results
and discrepancies. A model based on diffusion and trapping is proposed to
explain the mechanism of forming craters on the surface, and the relative
large discrepancies between experimental and calculated values.

The theory of diffusion and trapping in ion bombarded polymer has
not yet been established. Therefore, numerical calculation of these processes
is not available in this thesis. Due to limited resources, time and equipment,
radiation induced chemical changes in ion bombarded polyimide Kapton are
not in the scope of this research. Fortunately, previous researches of
chemical changes in ion bombarded polymers provide considerable

information on this issue.
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1.4 Organization of This Thesis

The thesis is organized in a formal way which is adopted by most of
scientists and engineers for their scientific writings. In chapter two, the
physics of stopping an energetic ion in matter is briefly introduced. The
focus is on the basic mechanism, definitions and procedures rather than
explaining quantum mechanics. As a major tool for theoretically studying
the interactions between incident ions and target atoms, the simulation and
calculation program TRIM (Transport Ions in Matter), which is developed
based on the ZBL (Ziegler, Biersack and Littmark) theory, is described.

The experimental techniques are described in Chapter three. The
chemical structure and physical properties of Kapton are presented in
“specimen preparation”. Then, the ion beam technology and atomic force
microscopy are explained in the second and third section respectively.

The results are shown and discussed in Chapter four. Surface
topographic images and measured depth are compared with the results from
previous works and theoretical calculations respectively. The cross-section

profile of ion induced damage on surface are shown in the last section of
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Chapter four. The formation of craters is also discussed in this part. A
model of crater formation on a polymer surface is introduced.

In the last Chapter, conclusions are made from this research and
clearly summarized. Some recommendations for future researches in this

area are also presented.
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Chapter2  Theory

When energetic ions approach and enter the surface of target, they
interact with atoms or molecules in the solid, lose their kinetic energy, and
eventually come to a stop where the incident ions only maintain their
thermal energy. This process is called the stopping of ions in a solid. It took
more than a half century for physicists to understand the mechanism of the
interactions between energetic ions and the atoms in a solid.

The research on stopping of energetic ions in matter started in early
1900’s when scientists were trying to determine atomic structure. In 1913,
Niels Bohr, who was working as a postdoctoral scientist at Rutherford’s
Manchester Laboratory, published a paper of his ideas on a model of the
atom which was based on the study of the stopping of charged particles by a
solid[10]. In the paper, He concluded that the energy loss of ions passing
through matter could be divided into two components. The first part is the
energy loss to target nuclei and the second part is energy loss to target
electrons. He also predicted that the first part would be much less than the
second part when the energy of incident ions is sufficiently high. Although

Bohr’s study of energy loss process was limited by lack of information of



13

the charge state of ions inside matter, his study formed the foundation of the
theory of stopping ions in matter.

A major advance in understanding stopping power came twenty years
later when Bethe and Bloch restated the problem from the perspective of
Quantum Mechanics and derived the Bom approximation of the
fundamental equations for stopping of fast particle in a quantified electron
plasmafl1la, b]. In the late 1930’s, scientists studied the problem of how to
treat the interaction of a partially stripped heavy ion. “Effective charge” was
introduced. Bohr worked out the expression of effective charge and
screening distance between two colliding atoms which limits the energy
transfer between nuclei[12a, b].

From the 1950’s to 60’s Lindhard concentrated on non-relativistic
particle interacting with a free-electron gas and provided a full general
treatment based on a few assumptions{13]. His work is widely cited in
literature as it formed part of the first unified theory. Many calculations
have been carried out using Lindhard theory and many tables have been
produced based on these calculations{14a, b]. However, the difference
between measured range and calculated range was sometimes of a factor of

two.
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During the 1960’s and 70’s the major advance came by applies
numerical methods to tradition theoretical approaches. In 1970’s and 80’s
Ziegler[15] and Biersack{16] made more contributions to stopping theory
and range algorithm respectively. Based on their work, a computer program
called TRIM (Transporting Ions in Matter) was developed to simulate the
stopping process of ions in matter and calculate the depth profiles and
range[17].

Since then the accuracy of TRIM calculation has been continuously
improved. Now the discrepancy in stopping power calculation is less than
2% for high energy ions and around 10% for low energy ions[18]. However,
most of these results were obtained from ion bombarded metals and
semiconductors. Many recent studies on ion bombarded polymers show that
discrepancy varies from around 20% to 40%[19a, b]. A major limitation of
these calculations is that the thermal effects and radiation-induced
diffusions are not included in the above theory. The mechanism of thermal
and diffusion effects is not only interesting to scientists but also to
engineers because it may result better control of ion distributions in solid.
Although many models are suggested in order to explain diffusion related

phenomenon, so far a complete theory is still not available. In the past few
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years, more and more research interests have switched into this area. Among
the materials studied, polymer has drawn special attentions because their
potential applications in electronic and fiber-optic devices. As an attempt to
‘solve this problem, a model based on this research is proposed in chapter

four.
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2.1 Stopping Power and Range

When an ion enters the target surface, the incident ion loses its kinetic
energy to atoms in the target. The energy transfer between a moving and a
stationary charged particle depends on the mass and the charge of the two
particles, and the initial velocity of the incident particle. While the incident
particle approaches, the interactions between two particles cause velocity
change on moving particle while the stationary particle recoils and absorbs
energy as shown in Figure 1.1. The final velocity and trajectories of both
particles can be found from conservation of momentum and energy of the
system. Numerical methods have been developed to evaluate the more
complex collision of atoms with shell effects, and the absorption of energy
into the Pauli promotion of the electrons. Assumptions have been made in
order to simplify this problem. Firstly, no evaluation is made for thermal
effects in the solid especially redistribution of atoms or ions by thermal or
defects induced diffusion. Secondly, the energy loss of ion can be separated
into two components, namely nuclear stopping power and electronic
stopping power. Thirdly, the target is considered to be amorphous with

atoms at random locations.



LABORATORY COORDINATES

Figure 1.1 The collision of an incident ion with a target atom
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It is noteworthy that separation of the energy loss of the ion into two
separated components ignores the possible correlation between elastic
nuclear collision and inelastic losses to electronic excitation. It seems that
this correlation probably is not significant when many collisions are

averaged.
2.1.1 Nuclear Stopping Power

The nuclear stopping power, S,(E), is the elastic energy transferred to
the stationary atom which can be treated as the kinetic scattering of two
heavy screened particles. The energy lost by ion per path length is dE/dx
which is related to nuclear stopping power by

dE/dx = NS,(E)
where N is the atomic density of target.

For practical calculations, the universal nuclear stopping power is

8.462x10™"° Z, Z, M, S,(€)

SA(E) = eV (atom/cm?)
M+ My) (Z,°P+Z,"%)

with the reduced energy, &, being calculated as

32.53 M E,

8 =
Z,Z; M+M) (Z,P+Z,°%)
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and the reduced nuclear stopping being calculated as:

Fore <£30:
In(1+1.1383g)
S«(g) =
2[e+0.01321 £*%'%6+0.19593 £*7]
For € > 30:
In (g)
S(e) =
2¢g

2.1.2 Electronic Stopping Power

The electronic stopping power is the inelastic energy transferred to
the electrons of a stationary atom by electronic excitation. Compared to
nuclear stopping power, the physics of electronic stopping power is much
more complicated. It was originally treated as classical energy transferred
by a moving charged particle to a free electronf20]. By bringing quantum
mechanics into this problem, the Bethe-Bloch theory considers a particle
interacting with an isolated atom of harmonic oscillators. This approach
solved the charged particle energy loss problem quantum mechanically in
the first Born approximation. However, this theory shall be only used for

high energy (>10 MeV/amu) relativistic stopping[21].
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The next major step in electronic stopping theory came from the
consideration of the target as a collection of interacting electrons, i.e. a
plasma, and to consider the energy loss to collective effects such as dynamic
polarization, and to plasmons. After making some assumptions, Lindhard
treated this problem by presenting a generalized method of an electron gas
responding to a perturbation of a charged particle[22]. It naturally includes
the polarization of the electrons and the resultant charge screening and
plasma density fluctuations. After using the local density approximation it
can be directly applied to any target and the effects of chemical bonding or
crystal structure on stopping power are simply evaluated. The calculation of
electronic stopping power is mainly based on the scaling of the ions under
consideration to the well-known proton stopping power.

S<(E)=Z.5’S(proton)
where S, is electronic stopping power of proton and Z. is effective charge
of the incident ions. If Z, is the atomic number of the ion, v is the ion
velocity and v, is the Bohr velocity (~ 2.2x10® cm/sec), then Z.s can be
calculated by Z.=Z,"” v/v,. The practical calculation of electronic stopping

power can be carried out as following:
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(1) For hydrogen ions, a fitted function to obtain hydrogen stopping
power in each element can be directly used.

(2) For helium ions, the equivalent hydrogen stopping is muitiplied
by the helium effective charge at that velocity.

(3) For heavy ions, the proton stopping power is scaled based on
Brandt-Kitagawa theory[23].

(4) For very low velocity ions (<30keV/amu), the velocity

proportional energy loss theory is used.

2.1.3 Range of Ions

To determine ion range and damage distribution as well as angular
and energy distribution of ions, the Monte Carlo method which simulates
slowing down and scattering of energetic ions in an amorphous target is
applied. The Monte Carlo method has a number of distinct advantages over
analytical formulations based on transport theory. It allows more rigorous
treatment of elastic scattering, explicit consideration of surfaces and
interfaces, and easy determination of energy and angular distributions. The
major limitation of this method is that there is often a conflict between

available computer time and statistical accuracy. To increase the computer
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efficiency while still maintaining proper accuracy, the distance between
collisions is suitably extended and an analytic formula is applied for
determining nuclear scattering angles.

The Monte Carlo method follows a large number of individual
“histories” of ions and atoms in the target. Each history begins with a
particle with given initial energy, position and velocity. The particle is
assumed to change direction as a result of binary nuclear collisions and
moves in straight free-paths between collisions. Its energy is reduced as
nuclear and electronic energy losses which are assumed to be independent
as mentioned before. Therefore, the particle loses its energy in discrete
amounts by nuclear collisions and continuously through electronic
interactions as described in the previous section. A history is terminated
when the kinetic energy drops bellow a certain value or the particle is
outside the target which is assumed to be amorphous. Then, the range is
calculated from the history. Relativistic effects and nuclear reactions are not

considered in this approach.



2.2 TRIM Program

Based on the theoretical treatment of ion-atom collisions, a computer
program TRIM (Transport Ions in Matter) has been developed to calculate
the transport of energetic ions (10 eV--2 GeV) into matter{24]. By using a
statistical algorithm, Monte Carlo method, the range is calculated from the
collision results over the ion trajectory. All the target atom cascades in
matter are also followed in detail as shown in Figure 2.1.

During the collisions, the ions and atoms have a screened Coulomb
collision which includes exchange and correlate interactions between the
overlapping electron shells. The long range interaction between ions and
atoms results on electron excitation within the target. These are described
by including a description of the target’s collective electronic structure and
inter-atomic bond structure when setting up calculation.

The charge state of the ion within the target is described using the
concept of effective charge which includes a velocity dependent charge
state and long range screening due to the collective electron sea of the
target. The updated TRIM-95 program is able to calculate all kinetic

phenomena associated with the ion energy loss such as target damage,
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Figure 2.1 TRIM simulation of ion trajectory and atom cascades



ionization, sputtering and phonon production. Its main features are listed as
following:

(i) accepts targets made up to three layers of different materials

(ii) calculates depth profile

(iii) calculates energy loss profile

(iv) calculates ionization profile

(v) includes atom cascade and vacancy generation

(vi) simulates 3D distribution of ions

The TRIM program works on PC 386 and 486 computers with a color
monitor, a co-processor and about 530 K of free RAM. It works with
version 2.+ of OS/2 operating system which includes Microsoft DOS as a
full-screen sub-session. Although not running on Windows, it has a user
friendly interface which enables the user to select all the parameters on the
screen. To set up a calculation, the user only needs to follow the on-screen
procedure, step by step, to choose parameters such as ion mass and energy,
type and thickness of the target, number of ions to be followed and so on.
For a polymer target, the TRIM program provides a target table which

includes Kapton for user to select from. After the parameters being selected,
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the TRIM program starts to calculate the stopping powers. Since there are
carbon, hydrogen, oxygen and nitrogen atoms in Kapton, stopping power is
calculated for each atom separately. These calculations take only a few
seconds to complete on a 486DX 66 MHz PC with 16 MB of RAM.

By using the Monte Carlo method, the simulation can be conducted
for either quick calculation of damage or detailed calculation with full
damage cascades. The first option calculates the final ion distribution,
ionization energy loss by ion, energy transferred to recoil atoms. Shown in
Figure 2.2 and 2.3 are the ion induced target vacancy distribution and ion
range calculated by TRIM program. In addition to this, the second option
follows every atom recoil until its energy drops below the lowest energy for
an atom displacement. Thus, all collision damages to the target are
analyzed. It takes several minutes to hours to complete a simulation mainly
depends on the number of ions to be calculated. The results of the
calculations are presented by both tables and curves.

Although the latest version I have is TRIM-9S which has much a
better on-screen display than TRIM-89, I still use TRIM-89 for most of

calculations simply because TRIM-95 has never worked as reliably as
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TRIM-89 does. Besides, I have not been able to print from TRIM-95 to take

advantage of its high quality display feature.
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Chapter 3  Experimental Procedures

3.1 Specimen Preparation

The polymeric material used in this experiment is polyimide Kapton.
Polyimides represent an important group of high-temperature, solvent-
resistant polymers which have a small but steady commercial market in the
aerospace and electronics industty and for biomedical applications.
Polyimides are formed by a two-stage process. The first step involves the
polycondensation of an aromatic dianhydride and aromatic diamine to form
an intermediate poly(amic acid). Then dehydration of the poly(amic acid) at
elevated temperatures yields the polyimide (PI) structure. Unlike the
intermediate poly(amid acid), the fully imidized polyimide is insoluble,
infusible, and has high-temperature, oxidative stability, good electrical-
insulation properties and radiation resistance.

Kapton is the trade name of polypyromellitimide (Cy;H;o0sN,),
which is a DuPont product. It is obtained by the condensation
polymerization of pyromellitic anhydride and 4,4-diamino diphenyl ether.

During these “imidize” process, possible structure weakness of the fully
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imidized product may be caused by void formation due to water release in
the imidize process. The chemical structure of Kapton is shown in Figure
3.1. It is noteworthy that the benzene rings play a important role in its
radiation resistance. As one of the most widely used polyimide, Kapton has
been frequently used as an insulator in nuclear reactors and thermal

blankets in spacecraft[25].
o 0O
\ /
+ IO ~O—O
4 A\
O/ O
Figure 3.1 The chemical structure of polyimide Kapton
The thickness of Kapton film used in my experiment is 62 um. It is a
amber color polyimide with a density of 1.43 g/cm’ and glass transition
temperature (T,) of 385 °C. At room temperature, the tensile strength and
elongation of Kapton at fracture are 172 MPa and 70% respectively[6]. The
surface smoothness of this film is about the same as most glass surfaces in

term of reflection. Its properties are shown in Table 3.1 and Table 3.2.

Before mounted onto target holder, Kapton film is cleaned and cut into 2 x
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2 cm’ size. A thin layer of silver paste is applied to the side which contacts
the target holder made of copper. After ion bombardment, specimens were

put into a sealed container and stored in a dark place at room temperature.

Table 3.1 Target composition and core stopping (eV)

Atom Name Atom Number Relative Core Stopping
Abundance (eV)
H 1 10.000 0.000
C 6 22.000 6.145
N 7 2.000 5.859
o 8 5.000 5.446

The time interval between ion bombardment and surface study by
AFM varies from a few days to six months. In order to remove
contamination on the surface, specimens were treated by a mild NaOH
solution for less than thirty seconds than washed by distilled water. The
water remaining on the surface is absorbed by Kimwipes EX-L extra low-

lint wipers before completely dried out in air.




Table 3.2 Target bonds and their stopping (eV)
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Target bond type Bond number Bond stopping
(Kapton) per molecule (V)
(H-C) 10 7.244
(C-O) 13 3.938
(C=0) 9 9.790
(C-N) 6 5.080
(C-0) 2 6.168
(C=0) 4 13.926
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3.2 Ion Bombardment

The ion bombardment experiment was originally conducted on a
Narodny ion accelerator at the University of Manitoba. The Kapton film
was bombarded by 30 keV Deuterium ions at a fluence of 10'? jons/cm?
After ion bombardment the irradiated surface has been scanned by AFM and
ion damage of circular shape were spotted[9].

Most of the recent experiments have been done at the Department of
Engineering Physics of McMaster University. Shown in Figure 3.2, the ion
accelerator at McMaster University is a 200 keV heavy ion accelerator
designed and manufactured by Whickham Engineering Ltd. of England in
the early 1980’s. It is a general purpose instrument which is capable to
produce high intense beam current with a high degree of flexibility and
reliability.

As most ion accelerators, this 200 keV Whickham linear ion
accelerator utilized a static electrical field to accelerate charged particles. It
consists of an ion source chamber, analyzing magnet, beam monitor
chamber, post acceleration column and target chamber as shown in Figure

3.3". All these components are evacuated to a vacuum of pressures less than

* Courtesy of Whickham Engineering Ltd., England
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10° Torr so ions can be accelerated to very high speed by kilovolts of
electrical potentials. Because of the high voltage, these components are
placed on a high voltage platform which is isolated from ground by
insulator poles as shown in Figure 3.4%. The system is supported by a de-
ionized closed-loop water cooling system, gas supply system, vacuum
pumps and various power supply systems. Most of these parts, except the
target chamber, are placed inside a high voltage enclosure and controlled
through a 64 transmitter channel fiber optic control system in order to
ensure safety.

The ion source shown in Figure 3.5* is a Freeman ion source with slit
extraction. The charged particles are extracted in form of a wedge shaped
ion beam. Sharp focused beams of milliampere intensity can be obtained
with most materials for stable continuous operation. The ton source is built
for operation with two gas lines which is very convenient for my
experiment.

The analyzing magnet is a variable geometry magnet which provides
60 degree, 40 cm radius, homogeneous deflecting field in order to analyze

different ions. The maximum field strength is over 12,000 gauss. The pole
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gap of the magnet is 5 cm which allows for a 4 cm diameter ion beam to
pass through.

Ion bombardment or isotope separation can be carried out in the pre-
acceleration work chamber with energy up to 50 keV. However, the
working energy is usually fixed to 30 keV in order to maintain system
stability. For higher energy ion bombardment, the ions are further
accelerated through the post-acceleration column, which employs a single
gap lens, to up to 150 keV. This way the total single charged ion energy is
up to 200 keV when the ions arrive at the earth potential target chamber.

Four different ions, Deuterium, Helium, Nitrogen and Argon, are used
in this experiment. Among them, He* and Ar" are noble gas ions. The
reason of using noble gases is to eliminate a potential chemical reaction
between the incident ion and target atom. Energies of ions vary from 10 keV
(for helium and deuterium) up to 50 keV (argon and nitrogen) at a step of 10
keV. This is the first time that the Whickham ion accelerator worked at 10
keV since it was installed at McMaster University in 1980. Two fluences,
10" and 10"ions/cm? , have been set to for all four ions at energy of 30 keV

by properly control the beam current and the bombarding time. One Kapton
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sample was bombarded by 30 keV deuterium at fluence of 10" ions/cm’.
The pressure of the target chamber is kept below 10 Torr by a six inch oil
diffusion pump backed with a high capacity mechanical roughing pump

through all experiments.
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3.3 Surface Analysis by AFM

Many analytical techniques were used to study the surface of
polymeric materials. Among them, secondary ion mass spectroscopy
(SIMS), Rutherford backscattering spectroscopy (RBS), and X-ray
photoelectron spectroscopy (XPS) are the most widely used for studying ion
induced radiation damage on polymer. However, all of them have
drawbacks of not being able to study spatial change locally and possibly
altering the surface by employing energetic ions and X-rays. For surface
studies, these technological limitations were not overcome until the
invention of the atomic force microscope in 1985.

Atomic force microscopy (AFM) is an important sibling of scanning
probe microscopy (SPM). The first SPM was the scanning tunneling
microscope (STM) invented by scientists at IBM Zurich Research
Laboratory. It was in the late 1970’s when Gerd Binnig and Heinrich Rohrer
were looking for a technique to study the thin film of oxide layers on metal
surface locally. After realizing that by scanning a tip at a proper tunneling
current they would be able to obtain topographic data and develop a new
microscope, they began investigating how to control the small tunneling

current between a sharp tip and conductive surface using piezoelectric
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devices. Their success in controlling sample tip spacing at a very small
voltage combined with advances in vibration isolation lead to atomic
resolution imaging of the surface. In 1983 they successfully produced the
first atomic resolution image of two unit cells of the (7 x 7) reconstruction
of Si(111)[26]. Binnig and Rohrer received the 1986 Nobel Prize in physics
for inventing the STM which can achieve atomic resolution.

Despite of its great success, the application of STM is limited to study
the surface of conductive materials. In 1985, when Binnig took a leave from
IBM Zurich Laboratory, he went to Stanford University where Binnig,
Quate and Gerber invented the atomic force microscope (AFM)[27]. The
idea comes from using force, instead of tunneling current, to image the
surface. This would overcome a major disadvantage of STM that it can only
work on conductive materials. Since it is a common practice to use the
displacement of a spring as a measure of force, they estimated the spring
constant of the force between atoms and found that by measuring the motion
of a tiny cantilever they would achieve atomic resolution without displacing
atoms. Shown in Figure 3.6" , the new atomic force microscope design is

analogous to a stylus profilemeter but uses a very sharp tip to measure very

* Courtesy of Park Scientific Instruments, Mountain View, CA.
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small force between tip and surface. With the technologies obtained from
developing STM, they quickly built an AFM that uses a sharp tip mounted
on a cantilever of proper spring constant to measure the small force between
tip and surface. In the first AFM, a STM has been used to measure the
motion of the cantilever.

Because of a similar operating principle, many SPM share
components of same function such as piezoelectronic scanner and feedback
control system. For a piezoeletronic scanner, most recent models utilize a
smart design of a single tube of piezoeletronic materials; four outside
electrodes are positioned as quadrants in axial directions, and the 5th one is
on the inside wall of the tube. By applying appropriate control voltages to
these electrodes, the displacement can be made in all three dimensions at
nanometer scale. When the tip approaches the sample, the forces between
tip and surface bend the cantilever and the deflection is measured and
converted to electronic signals and then sent through a feedback system.

Unlike STM which uses a tunneling current, there are many
techniques, i.e. laser interferometry and capacitance measurement, for

detecting the cantilever deflection. Most recent AFMs utilize an optical
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deflection technique which consists of a segment photodiode (SPD) and a
laser beam reflection from the back of the cantilever. In this system,
deflection is measured by reflecting a fine laser beam off the back of the
cantilever and measures the deflection of the beam by position-sensitive
segment photodiode (PSPD).

The feedback control system compares the measured voltage with a
user-adjustable “set point” voltage which corresponding to a certain force
between tip and surface. If the measured voltage is larger, the feedback
control system adjusts the voltage applied on piezotube scanner to lower the
sample to maintain constant force, and vice versa. Because the
piezoelectronic tubes expand linearly with applied voltage, the control
voltage to maintain a constant force is directly proportional to the vertical
changes in tip position. This signal, which represents the change of surface
height at that point, is stored in computer. For each single scan, a cross-
section profile is produced. A two dimensional image of surface topography
is obtained after scanning over a small surface area.

As shown in Figure 3.7, the AFM used in this experiment is a SFM-
BD2 scanning force microscope designed and built by Park Scientific

Instruments of Mountain View, California. It is an ambient AFM designed
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microscope

Figure 3.7 A picture of SFM-BD2
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to work in contact mode. In most cases, vibration control is achieved by its
own rigid and compact structure. The system is shown in Figure 3.8".
Instead of using a HP workstation, control electronics and the software from
Park Scientific Instruments, a Powerland 486 DX 66MHz PC, customer-
built electronic controller and control software are used. The atomic force
microscope consists of two main parts: the microscope base and microscope
head. The piezotube scanner and a pico drive stepper motor are in the
microscope base for controlling the positions. The microscope head shown
in Figure 3.10" houses laser, position-sensitive photodetector (PSPD) and
the cantilever mount. A chip cut from a silicon wafer with V-shape
cantilevers, each of them has a standard pyramid shaped silicon nitride tip

as shown in Figure 3.11, is held in place on the cantilever mount by a small

clip. The whole system has been calibrated by measuring a lum x lum
grating.

The Kapton sample is cut to 0.5 x 0.5 cm® size and attached on the
sample holder by double-sided tape. The sample holder is fastened into the
sample mount by a set screw which can be adjusted by a jeweler’s handle

Allen key. Other fine adjustments of laser beam and tip-sample position are
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Figure 3.8 Schematic of AFM and control system (Courtesy of Park

Scientific Instruments Ltd.)
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Figure 3.10 The head of SFM-BD2 microscope. The sensibility of the
deflection sensor is 1.6 mV/nm (Courtesy of Park Scientific Instruments).
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Figure 3.11 The standard silicon nitride tip for AFM. The tip is of
pyramid shape with a radius of curvature of 30 nm at the very end .
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performed under a binocular optical microscope with lightening from a fiber
optic lamp. Fine tip approach is achieved by stepper motor which is
controlled by computer. The maximum scan size is 11 um x 11 um for this
SFM-BD2 atomic force microscope. A scanning scheme is developed to

scan the surface systematically.
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Chapter 4  Results and Discussion

4.1 Surface Topography

After being bombarded by energetic ions, the surface topographic
changes on polymer have been investigated. There are many different types
of features resulted on the surface which depends on the incident ions
(energy, fluence, mass and charge state) and polymer specimen
(composition and structure). Despite of lines, the most common features are
the craters and hillocks found on ion bombarded polymer surface. Because
of the complex structure and composition of polymeric materials, the
mechanisms of forming these features are still unclear. Many different
models are proposed while trying to solve this question.

Previous research indicates that, unlike ion damage on metals,
radiation causes scission and crosslink of polymer chains which usually
alter the structure and composition of the polymer[28a, b]. Strong evidence
of a polymer undergo chain scission and crosslink was the change of
molecule weight after ion bombardment. Besides directly measuring the

molecule weight, the change of solubility is a good indicator of molecule
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weight change. The most interesting chemical change related to radiation
damage on polymer is the release of free radicals and gases after ion
radiation. This study suggests that diffusion and trapping of free radicals
and gases in ion bombardment damaged polymer may play the most
important roles on observed crater formation.

First of all, the pristine Kapton film is analyzed by AFM. Lines of
different orientations are observed on other wise smooth surface as shown
in Figure 4.1. There is no other type of feature found on the surface of
pristine Kapton films. These lines can be simply interpreted as scratch
lines[29]. It is noticed that the optical reflection of the film is slightly
different from one side to another. After both sides are examined by AFM,
more lines have been observed from the rough side. This interesting
phenomenon also indicates that these lines are scratch lines.

It has been reported that scanning of the tip at a rather large force may
result in surface modification of the polymer[30]. This effect has happened
only once when I was taking an image on Kapton. Another interesting
phenomena is sometimes a wave pattern, which resembles wave patterns
found on a sand beach after the tide retreats, appears on image as shown in

Figure 4.5. It is originally considered to be another modification effect on
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Figure 4.1 Scratch lines observed from Kapton surface by AFM. The
size of image area is 4x4 pm’.
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Figure 4.2 Ion induced damage on Kapton surface. The size of image
area is 2300x2300 nm’.
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polymer caused by the tip. However, this pattern disappears when the
system is shut down and restarted again to scan the same area. Therefore, it
may be caused by electronic noises.

The craters have been observed from ion bombarded polymers as well
as highly oriented pyrolytic graphite (HOPG) surface[32a, b]. However, the
mechanism of crater formation is still not clear. In this study, craters of
various diameters and depths have been found on ion bombarded Kapton
surface. It is noteworthy that most of these craters are circular in shape and
having rims as shown in Figure 4.2, Figure 4.3 and Figure 4.4. These unique
features may provide a key for understanding the formation of craters. The
mechanism of crater formation is discussed in detail at the end of this
chapter.

As scratch lines, hillocks on ion bombarded polymer surface have
been reported by previous studies[33]. In this research, hillocks of different
size are frequently observed on the surface but these areas are usually
avoided in order to have a better look at craters. Barlo Daya et.al. report that

conical-shaped hillocks having nearly circular shaped bases are observed
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Figure 4.3 Crater formed on 20 keV Ar’
surface The size of image area is 280x280 nm?.

ion bombarded Kapton
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Figure 4.4 Crater formed on 20 keV He' ion bombarded Kapton
surface. The size of image area is 280x280 nm>,
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from 78.2 MeV I bombarded mica surface[34]. Since these hillocks can
be erased by probe tip and reveal craters, they suggest that the hillocks
could be thick blisters created by hydrodynamic pressure. The mechanism

of crater formation is discussed in detail at the end of this chapter.

Figure 4.5 The wave pattern observed on Kapton surface. The size of
image area is 1.7x1.7 pm?.
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4.1 Depth and Range

The major advantage of the ion beam technique lies on the high
_controllability of all parameters associated with incident ions. By precisely
controlling the incident ion energy, scientists and engineers are able to
control the ion bombardment induced results in solids. This has attracted a
great amount of interests from both semiconductors and spacecraft
industries.

The depth and range are the most important factors in studying
stopping ions in matter. Compared to the crater formation on an ion
bombarded surface, the theory of ion penetration depth and ion range is well
developed. The calculations of penetration depth and range in polymers are
based on ZBL theory of stopping power and range explained in Chapter
two. By using the TRIM program, depth and range of different ions in
varies polymer materials can be easily calculated. Although the discrepancy
between calculated and measured range in polymer is larger than in metals,
it is still considered to agree well in terms of basic trend. The success of
ZBL theory on polymers gives us a very important guide for understanding

the mechanism of ion induced damages on polymers.
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In this work, the depth and range of ions in a polymer as a function of
energy is investigated by bombarding the Kapton films with different
energy ions. The effects of ion mass and fluence have also been studied.
Because of the low energy, most of the ion induced damage results on the
surface or near surface region. The depth of ion damage is directly measured
by atomic force microscopy (AFM). Figure 4.6 and Figure 4.7 show both
measured and calculated depths as a function of ion energy for N* and Ar"
ions. It is noteworthy that all the measured depths are smaller than
calculated by TRIM. This effect is more significant for N* ions than Ar"
ions. Shown in Figure 4.8 is the damage depth, which is caused by 30 keV
ions, as a function of ion mass. In this study, the discrepancies between
measured and calculated depths vary from around 30% for nitrogen and
argon to over 50% for deuterium and helium. Similar effects have been
discussed in previous works [35, 57].

Since the depth calculated by TRIM is the depth at which the incident
ions are initially stopped in a polymer, the results indicate that there is a
strong trend of diffusion towards the surface. The diffusion of hydrogen and

helium in ion bombarded polymers has been studied [36a, b]. It concludes
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that the diffusion coefficient of helium is not less than 10™*cm?s[61]. The
results of this study strongly support the existence of diffusion effects in
polymer as suggested by the previous study. Since the discrepancies are
quite large in both cases, it seems that diffusion and thermal effects need to
be evaluated in addition to the TRIM calculation of final ion distribution in
low energy ion bombarded polymer. The effects of surface, diffusion and
trapping, which play important roles in ion induced damage to polymer,
need to be further investigated and included in range calculation. However,

the mechanism is so complicated that it is not yet completely understood.

66
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4.1 Crater Formation

Crater formation on ion bombarded surfaces has been studied since
the late 1960°s. Most of the early experiments are on high energy He" and
D" ion bombarded metals at high fluence. The energy varies from 160 keV
to 80 MeV and the fluence from 10'7 t0 10" ions/cm® Usually high
temperature is also a prerequisite. The measurement of gas release rate
indicates that initially a large fraction of the incident ions is trapped by the
surface[37]. Since only a small fraction of blisters breaks at above fluences,
the number of craters formed on metal surfaces is very small in most cases.
Similar effects seem to occur on ion bombarded polymer surfaces at room
temperature. The study of surface topographic change on ion bombarded
polymers started in the late 1980°s after AFM was introduced as a powerful
technique for surface analysis. The crater formation on polymer surface has
been widely reported [38]. The mechanism of crater formation on polymer
is still unclear. There are different models to explain the formation of craters
on polymer surfaces. Among them, the pressure pulse model, and the

thermal spike model are widely cited[39, 40, 41].
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The pressure pulse model is a hydrodynamic type model. In the
pressure pulse model, the angular distributions of target molecules are non-
symmetrical and the energy density resulting from the ion-solid interaction
propagates in solid by diffusion. The thermal spike model assumes that the
energy deposited by incident ion creates a thermal spike characterized by a
temperature, and the energy is transported in solid due to heat conduction.
The third model, shock wave model, suggests that the target molecule
redistribution is due to a propagating shock wave which is caused by the
sudden pressure change in the ion bombarded region[42]. All three models
consider energy transfer in the solid but only the first model treats the
energy transfer as a result of mass transport in the solid. However, mass
transport is very important in understanding the crater formation
mechanism.

In this research, craters have been observed from an ion bombarded
polyimide Kapton surface as shown in section 4.1. The size of the crater is
so large compared to the size of incident ion that they could not be formed
by a single ion impact. The cross-sections of these craters are studied by
AFM. In addition to the characteristic circular shape and rim, most of these

craters have unique depth profiles as shown in Figures 4.9. and 4.10. As
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discussed in the previous section, the crater depth changes accordingly with
incident ion energy but is always shallower than calculated by TRIM.
Considering gas release and diffusion effects in the ion bombarded polymer,
it appears diffusing ions and released gases play an important role in crater
formation.

When polyimide is bombarded with ions, there are released gases (Ha,
CH,, CO, CO,) in the target as a result of chain scission[51,55]. The
incident ions also create a great number of defects[56]. For instance, one 30
keV N ion can create 197 defects in a Kapton target according to TRIM
calculation. These gases are moving inside the target through diffusion and
can be trapped by defects to create cavities[52]. This diffusion-trapping
process may form the foundation of the crater formation mechanism{47,53].
Therefore, a model is proposed based on this process as shown in Figure
4.11.

The process includes diffusion and trapping of gases, forming
bubbles on the surface, breaking of blisters with gas release, and eventually
forming craters on the surface. Initially, incident ions create defects and
cause chain scissions which release free radicals and gases. The incident

ions may also capture electrons to become gas atoms or molecules. These
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Figure 4.9 The cross-section of crater caused by 20 keV Ar” ions. The
image area is 280x280 nm?.
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Figure 4.10 The cross-section of crater caused by 10 keV He" ions.
The image area is 570x570 nm’.
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gases diffuse in polymers and are trapped by defects to form bubbles. While
the concentrations of gas build up, the coalescence of bubbles forms
blisters. The internal pressure on the surface causes surface deformation and
eventually breaks the blister. This crater, with a depth close to the projected
range of incident ions, is formed and gas is released. After gas release, the
ruptured surface collapses to form the unique cross-section as shown in
Figures 4.9 and 4.10. Although more research needs to be done in order to
further evaluate this model, so far it has explained most phenomena, such as

the shallower depth and damage profile observed on ion bombarded Kapton.
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Figure 4.11 Schematic of crater formation on polymer surface. a.
defects created by ions; b. gas trapped by defects; c. surface deformation
caused by bubbles; d. blister formed by the coalescence of bubbles; e.

rapture of blister and release of gas; f. surface collapses to form crater
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Chapter 5  Summary and Conclusions

In this research, ion induced radiation damage on polyimide Kapton
surface has been studied by atomic force microscopy (AFM). Different
types of surface topographic changes have been observed. The depths of
surface damages are directly measured and then compared with TRIM
calculations. The mechanism of crater formation is investigated and a model
based on diffusion is proposed. The conclusions are as follows:

(1). Craters are formed on the Kapton surface by low energy ion
radiation at a fluence from 10" ion/cm’ to 10'° ions/cm’.

(2). The depth of ion damage changes as a function of incident ion
energy and ion mass while the fluence seems has no impact on damage
depth.

(3). The calculated ion depths by TRIM program appear to be larger
than measured probably because the diffusion effect is not included in the
ZBL theory on which the TRIM program is based.

(4). The unique cross-section of the crater and depths shallower than
the calculated suggest that the crater formation results from burst blister

according to the proposed model.
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(5) Both incident gaseous ions and released gas from chain scission
must play a role in crater formation through diffusion in the ion bombarded
polymer and trapping by defects.

Further research to study the ion radiation effects on polymers may
include: (1) different chemical structures and compositions, (2) ion induced
chemical change by real-time analysis techniques, (3) the effects of
temperature, fluence and flux, (4) the radiation damages caused by heavier

ions and non-gaseous ions.
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