Abstract

HAVERKAMP, JASON DIRK. Plasma Physics in Pulsed Laser Deposition of Hydrogen-free Diamond-like
Carbon Films and Nanocomposites. (Under the direction of Dr. J. Narayan and Dr. M.A. Bourham)

This dissertation focuses on the analysis of the plasma plume created in pulsed laser ablation thin
film deposition of diamond-like carbon and the correlation of the characteristics of the plume to thin film
properties. Diamond-like carbon films were deposited on silicon substrates by pulsed laser deposition at
different laser energy densities. Important plasma parameters, such as ion kinetic energy, ion density, and
electron temperature are altered by changing the laser energy density. These plasma properties determine
the coordination states of carbon atoms within the deposited film. The diamond-like and graphite-like
coordination states of carbon, termed sp® and sp?, respectively, determine film properties such as hardness,
optical properties, and electronic properties.

The sp?® fraction of the diamond-like carbon was directly determined through electron energy loss spec-
troscopy. The microstructure of the sp? coordinated carbon was determined with visible Raman spectroscopy.
Plasma properties were analyzed by quadruple Langmuir probes and mass loss measurements. Langmuir
probe measurements indicate that ion density, ion flow speed, and electron temperature increase with laser
energy density. Mass loss measurements show that the plume has an ionization fraction between 5 and 10
percent. Therefore, neutral particles have a significant role in film growth. Current models for the growth
of diamond-like carbon films are reviewed. A deposition model based on electronic excitation is proposed.
The probability of surpassing the energy barrier between sp? and sp® coordination is increased via an effec-
tive reduction of the activation barrier due to electronic excitation. The energy for electronic excitation is
supplied by electron and photon interactions with ions and neutrals in the plume, as well as recombination
of ions at the surface.

To investigate the effect of magnetic fields on plasma properties and film growth, a strong magnetic field
was placed perpindicular to the direction of plasma flow. Plasma flow speed, electron temperature, and ion
density were studied with quadruple Langmuir probes. Magnetic probes investigated the interaction between
the flowing plasma and the external magnetic field. A correction for the influence of the magnetic field on
the collection of electrons by the quadruple Langmuir probe was derived. Plasma flow speed was reduced due
to interaction with the magnetic field. The kinetic 8 was ~ 1 x 10™%, indicating that magnetic field energy
density is significantly greater than the flow energy density. Magnetic probe data shows a field deflection of
~ 10 Gauss, consistent with small kinetic 8. Field line diffusion occurs on a faster time scale than predicted
by electron-ion resistivity. The contribution of neutrals to the resistivity is necessary to explain the observed
field diffusion rate. Electron temperature increased by a factor of 3 to 4 over the unmagnetized electron
temperatures. Electron heating by field line diffusion is eliminated due to the weak field line deflection.
Plume slowing is a mechanism by which the electron temperature may increase. This processes requires

an anamolously high electron-ion collision frequency. Ion density results show an instability at the ion



cyclotron frequency and higher frequency noise. A classical Rayleigh-Taylor instability can be eliminated
due to unfavorable field geometry and slow growth time. The observed instability satisfies a transverse
ion-cyclotron instability. Noise at higher frequencies may be a result of the Kelvin-Helmholtz instability.

A diamond-like carbon film was deposited in the presence of the external magnetic field. Its sp® fraction
was analyzed with electron energy loss spectroscopy. The sp? fraction was less than the sp? fraction for a
diamond-like carbon film deposited at the same laser energy. However, in the magnetized deposition case,
the ions have a smaller flow speed than in the unmagnetized case. The observed sp® fraction in the deposition
with the magnetic field is larger than expected for the ion kinetic energy. This is due to the presence of
neutrals whose flow speeds are unaffected by the magnetic field. No evidence of significant plume deflection
was observed.

Large compressive stresses within as-deposited diamond-like carbon films prevent the growth of thick
films. Diamond-like carbon films were doped with carbide and non-carbide forming elements, titanium and
copper, respectively, to reduce the internal stress. The films were analyzed with electron energy loss spec-
troscopy to determine the sp? fraction in the doped diamond-like carbon films. Visible Raman spectroscopy
was used to quantify stress reduction. Nanohardness measurements were performed to investigate the change
in hardness with dopant concentration. High resolution transmission electron microscopy and Z-constrast
imaging were used to determine the ordering of the dopants within the diamond-like carbon.

High resolution transmission electron microscopy revealed the formation of nanocrystals of titanium
and copper. Z-constrast imaging reveals that non-carbide forming elements form self assembled arrays of
nanoparticles, whereas carbide forming elements form layers. At the dopant concentrations used, the dopants
form nanocrystals, rather than occupying substitutional or interstitial sites within the diamond-like carbon
film. Raman spectroscopy indicates that the addition of copper is more effective than titanium at reducing
internal stresses. Hardness measurements indicate that the addition of dopants decreases the hardness of
diamond-like carbon films. Electron energy loss spectroscopy showed an apparent reduction in sp? fraction
with the addition of dopants. The use of electron energy loss spectroscopy to determine sp? fraction in doped

diamond-like carbon may not be reliable.
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Chapter 1

Introduction

Carbon is a very common element which posseses several allotropes, graphite, diamond, fullerenes, and
nanotubes. In this dissertation, the properties of graphite and diamond are of the most intereset. The
physical properties of these two allotropes are dramatically different. Graphite is soft due to the weak Van
der Waals bonding perpindicular to the planes of carbon atoms, conducts electricity, and is opaque. Diamond,
however, is the hardest known material, a poor conductor of electricity, and is optically transparent. The
differences in properties between allotropes are due to bonding and crystal structure. The ground state
electronic structure of a carbon atom is 1s22s%2p®. This might indicate that carbon is only able to form
two bonds via sharing of its 2p electrons. However, excitation and bond hybridization allow the formation
of more than two bonds. In the electron excitation process, one of the 2s electrons is promoted to an empty
2p orbital to form 1s%2s2p.p,p.. Hybridization of the valence electrons 2s2p,p,p. permits the formation of
more than two bonds. If all the valence electron orbitals are hybridized, four bonds may be formed. This
is the case of diamond. Since one 2s orbital and three 2p orbitals have been hybridized, this is termed sp®
bonding. In the case of graphite only three of the four valence orbitals are hybridized, one 2s and two 2p
orbitals. Thus, the type of coordination found in graphite is termed sp?. Carbon atoms in sp? coordination
may form up to four o bonds, which are bonds directed along the orbital direction. Carbon atoms in sp?
coordination may form up to three ¢ bonds, and a single 7 bond from the unhybridized 2p, orbital. Bonds
which are perpindicular to the direction of the electron orbital are termed 7 bonds.

Crystalline and amorphous forms of carbon are present naturally and may be prepared in the laboratory as
well. Amorphous carbons prepared experimentally have been given a number of different names: amorphous
carbon, diamond-like carbon, tetrahedrally bonded amorphous carbon, hydrogenated amorphous carbon,
and others. In the literature, these names are often used interchangably, and without rigorous definition.
For instance, the term “amorphous diamond” is only appropriate if all carbon atoms in the film are sp®
coordinated. However, this term is sometimes used in literature for amorphous carbon films which possess
some fraction of sp? coordination. For this dissertation, “diamond-like carbon films” (DLC) will be defined

to mean those films which are hydrogen free, tetrahedrally bonded amorphous carbon. Here, hydrogen free



means that hydrogen is not necessary to preserve the structure of the films. These films posses a large fraction
of sp® bonded carbon atoms, although there may be some sp? bonding present. The sp® coordinated carbon
atoms form a rigid three dimensional network in which sp? coordinated carbon atoms may exist.[1, 2, 3]
The sp? coordinated carbon atoms may be organized in to hexagonal rings or in to chains.[2] However, the
carbon atoms in the film posses no long range order.[4, 1]

Diamond-like carbon films posses properties similar to the properties of diamond. Such properties include:
chemical inertness, high thermal conductivity, high hardness and wear resistance,[4, 1, 5, 6, 7] transparency
in the optical and infrared spectra,[1, 8, 9] and interesting electrical properties.[4, 8, 9, 10, 11] Thus, DLC
films have found use in coatings for replacement hip joints, [12] electron injection layers,[13], magnetic disk
drives,[14], antireflection layers,[1] and other applications.[4, 1]

Typical values of DLC film hardness are between 30 and 180 GPa.[4] The hardness of diamond-like carbon
films increases with increasing sp? fraction of the film. The ordering of the sp? phase, whether in rings or
chains, does not greatly affect the hardness of the DLC film.[4, 1, 15] Film hardness is a result of the strong,
highly directional o bonds.[1] These bonds create a strong three dimensional network, in which sp? sites
may be located.[1] The creation of these bonds forms large internal compressive stresses, which cause film
delamination after a certain critical thickness. An excellent example of this is shown in Fig. 4 of reference
[6]. Two means of stress reduction have been suggested: annealing[16] and dopant addition.[6, 7] Ferrari,
et al, found that internal stresses could be removed by annealing at an appropriate temperature.[16] They
found that large sp® fractions could be maintained even when the stress is relieved, indicating that large
internal stresses are not necessary to stabilize the sp® structure once it is formed.[16] Stress reduction by
annealing occurs via conversion of a small number of sp?® sites to sp? sites.[16] Above 1100 Celsius, the large
sp?® fractions cannot be maintained. Wei, et al, investigated the stress reduction in diamond-like carbon
films via doping.[6, 7] They used pulsed laser deposition to deposit DLC with different dopants, such as
silicon, copper, and titanium. They found that titanium was more effective than copper or silicon at stress
reduction.[6] The compressive stress is reduced due to the distortion of the bonding of outer shell electrons
of titanium.[6]

Optical properties of DLC films are functions of both sp® fraction and the ordering of the sp® phase.[9, 3]
A typical means by which the optical properties of DLC films are quantified is the Tauc gap. The Tauc gap
is a measure of the minimum photon energy which may be transmitted through the material. It is typically
determined from the complex portion of the dielectric function of the material.[17] The optical properties
of DLC films are controlled by the 7 states which reduce the optical gap.[9] Thus, altering the fraction of
the sp? coordinated sites will decrease the Tauc gap.[9] Chowalla, et al, showed that the Tauc optical gap of
DLC films can decrease even if the sp3 fraction is constant by changing the ordering of the sp? phase from
chains to aromatic rings.[3] Films with large sp?® fractions and with sp® coordinated carbon ordered in to
chains will be optically transparent in the visible region. Transparency in the infrared region is controlled

by the presence of hydrogen.[1] The presence of stretching modes between hydrogen and carbon causes



absorption of infrared light.[1] With undoped, hydrogen-free diamond-like carbon films Wei, et al., showed
approximately 50 percent transmittance and a reflectivity of 20 percent in the infrared spectrum.[8, 4] Thus,
hard, anti-reflective coatings for infrared optics may be created from diamond-like carbon films.

Electrical properties of DLC films are most dependent on the sp? phase.[4, 9] The results of Ferrari, et
al., and of Chowalla, et al., indicate that the resistivity of DLC films is dependent on the ordering of the sp?
phase.[3, 16] They found that resistivity of the film can change even if the sp® fraction of the film does not
change. If the sp? chains or rings increase in size and begin to link together, the electrical conductivity will
increase, as indicated by Marks, et al., and by McCulloch, et al.[18, 19] The typical electronic conduction
mechanism in DLC films is hopping between localized states.[1, 4, 8] Undoped diamond-like carbon is a p-type
semiconductor.[4, 1] The addition of certian dopants can create n-type diamond-like carbon. Titanium and
silicon doped DLC films have been shown to be n-type conductors.[8] Doping with nitrogen and phosphorus
also creates n-type diamond-like carbon.[1] Thus, with the use of appropriate dopants, diamond-like carbon
may be used as an electronic material.

As discussed above, the sp?® fraction and the ordering of the sp? phase affect the optical, electronic, and
mechanical properties of diamond-like carbon films.[3, 2, 15, 20, 16] It is therefore important to understand
how the sp? fraction and sp? microstructure are affected by growth techniques. A variety of different growth

techniques are used:

I Aisenberg and Chabot produced the first diamond-like carbon films were grown by ion beam
deposition.[21] They used a Kaufmann ion source with methane as their source gas. Vacuum
arc deposition and mass selected ion beam deposition are also used. The ion beam deposi-
tion techniques produce ions with a narrow energy distribution, especially mass-selected ion
beam (MSIB).[4] If the distribution of ion energies is narrow, then control of the properties of the

film may be more direct.[1]

IT Sputtering techniques are also used to produce DLC films. A simple ion beam sputtering device
uses argon ions accelerated to large voltages, & 1 kV, to sputter material from a graphite target.
Magnetic sputtering involves the use of a plasma with an applied magnetic field to sputter atoms
from a carbon target. The substrate is typically placed at a potential near 100 V.[1] This premits
acceleration of ions across the sheath to drive the formation of DLC. It can allow for large
throughput, however deposition rates are low at optimal conditions for the creation of high sp?

fraction DLC films.[4]

III Chemical vapor deposition(CVD) techniques are often used to produce both crystalline diamond
films, and diamond-like carbon films.[22] The CVD techniques are sometimes enhanced via the
presence of a plasma, such as a microwave or DC glow discharge.[23] Diamond-like carbon films
produced by CVD typically have a large hydrogen concentration less strong that those formed

through other techniques. Hydrogen is necessary to stabilize the film structure in this case.[4]



IV Pulsed laser deposition(PLD) is also used to produce hydrogen-free diamond-like carbon films.[24,
4, 1] Tt has advantages over other techniques, including preservation of target stoichiometry in
film, better film quality at lower temperatures, a reduced thermal budget, and deposition rates
comparable to molecular beam epitaxy. In PLD, a laser is used to ablate a target, which creates
a plasma at the laser target interface. This plasma propogates outwards, and deposits on a
substrate. Thus, to understand film growth and properties, an analysis of the plasma properties

is needed.

A number of authors have attempted to simulate the expansion of the laser ablation plume. Analytic
simulations have been made with the assumption of adiabatic expansion. Zel’dovich and Razeir discuss the
adiabatic expansion of a spherical gas cloud in to vacuum.[25] They show the conversion of thermal energy
initially within the spherical cloud to the kinetic energy of flow. This is similar to the processes involved
in laser ablation and deposition, although the expansion is not spherically symmetric. Singh and Narayan
developed an adiabatic expansion model specifically for laser ablation.[26] The initial plume formation during
the laser pulse proceeds isothermally, while the expansion after the laser pulse is adaibatic. Saenger extended
this model to multiple species targets for the purposes of investigating deviations from stoichiometry in
deposition of multicomponent films.[27] Atoms of different masses will have differing distributions within the
film.

Since these articles have been published, authors have attempted numerical simulations of the expansion
process.[28, 29, 30, 31] The simulations were performed on the fluid equations of motion for gases expanding
in to a vacuum and in to gases at various pressures.[28, 29, 30, 31] Leboeuf, et al, accounted for ionization,
although this was only considered in the energy balance, not the equations of motion.[28, 29] Their key result
was to show flow velocities in excess of those predicted by Zel’dovich and Razier, and more agreeable with
experimentally determined values. They also showed plume spilliting which occurs in the laser ablation of
targets at pressures great enough to consider interactions of the plasma with background gases.[32] Itina,
et al.,[31] and Garrelie, et al.,[30] use Monte Carlo techniques to model plume expansion. Their Monte
Carlo based simulations also show the conversion of thermal energy to kinetic energy during the expansion
process. Their models show excellent agreement with spectroscopic time-of-flight studies on laser ablation
plumes.[30, 31]

Recently, authors have considered the behavior of a fully ionized plasma during expansion in terms of
the fluid approximation and kinetic theory.[33, 34, 35, 36] Their key results are to show the presence of an
electric field due to charge separation during expansion. Electrons, with their smaller mass, attempt to leave
the plume before the ions. Ions are then accelerated in the presence of this electric field. It has been seen
experimentally that ions travel faster than neutral particles, and that more highly charged ions travel faster
than ions in lower ionization states.[37, 38] They also predict that the distribution of ion velocities expanding
in to space to not be Maxwellian, as would be expected from a source of non-interaction, isothermal, particles.

One disadvantage of the PLD technique is the possibility that macroscopic particulates may be removed



from the target material. Cleary, this is not advantageous for the creation of high quality films. One solution
which has been suggested is to apply a magnetic field perpindicular to the flow direction to deflect the plume.
[39, 40, 41] In order for plume deflection to be effective, the ions would have to follow a curved path through
the magnetic field. However, it is unknown to what degree the plume will be deflected. There is indication
that the plume is not deflected at all.[39, 42, 43, 44, 45]

The interaction of flowing plasmas with magnetic field is not entirely understood. A number of early
investigations suggest that instabilities play a dominant role in the physics. [46, 43, 42, 45, 44] The presence
of instabilities and turbulence permits enhanced transport.[46, 44] For instance, the Rayleigh-Taylor(RT)
instability may grow as the plasma expands against the magnetic field where the magnetic field geometry
is favorable.[47] Ripin, et al, observe a large larmor radius RT instability which has a larger growth rate
than the classical RT instability. However, their laser energies (E;, = 30 J) and powers (PL =102 J ) are
significantly larger than those in this experiment.[43] Neogi and Thareja also observe, using a charge coupled
diode, a Rayleigh-Taylor instability.[48] Peyser, et. al, and Mostovych, et. al., show evidence of an electron-
ion hybrid instability.[42, 45] This instability is a Kelvin-Helmholtz type instability in which the ion Larmor
radius is greater than the velocity shear length.[42] Their instabilities are observed at the plasma-vacuum
boundary, not in the bulk of the plasma.

Increases in electron temperature have also been observered via optical spectroscopy and Langmuir probe
techniques. Koopman found a significant increase in electron temperature, from 1 eV to 40 eV in copper
plasma expanding across a magnetic field using a Langmuir probe.[46] Given his large field displacements,
this is likely due to both plume slowing and to field line diffusion. Harilal, et al, observed a similar increase
in electron temperature using optical spectroscopy, although not to the same magnitude.[49] It should be
noted, however, that their measurements are time integrated and based on spectroscopy, and thus represent
a temporally and spatially averaged average electron temperature. Neogi, et al, have observed similar small
increases (1 — 2 eV) in electron temperature via optical spectroscopy.[50] In one article, they assume that
the plasma emits like a black body, which was not verified for their experiment.[50] In the other articles,
they assume local thermodynamic equlibrium, although they do not verify this and do not show Boltzmann
plots.[40, 51] Without validation of these assumptions, the temperature data may be inaccurate.

Several authors have studied the effect of an external magnetic field on the deposition of diamond-like
carbon. Diaz, et al, used an external magnetic field to deflect a carbon plasma plume created in pulsed
laser ablation.[52] For a magnetic field of 0.8 T' they observe complete deflection of the plume via Faraday
cup measurements.[52] They found, using visible Raman spectroscopy, that the sp® fraction of the deposited
diamond-like carbon film decreased when the plume was fully deflected.[52] Minami, et al, used a quarter-
torus to guide the charged component of the laser ablation plume for deposition.[53] They found that the sp?
fraction was increased when using soley the charged component of the plume.[53] Qingrun and Gao found
no apparent plume deflection in a 0.04 7" magnetic field. They also found that the hardness of diamond-like

carbon films was increased and that the film thickness was more uniform in the presence of an external



magnetic field.[39] The results of these authors indicate that the ions and neutral atoms within the plume
may play different roles in film growth.

In this dissertation, the processes involved in the growth of diamond-like carbon films are investigated.
Plasma properties are studied and related to film growth and properties. The dissertation is organized
in the following manner. First, the experimental setup is described in Chapter 2. Detailed discussions of
theory and corrections to the Langmuir probe under magnetized conditions are discussed in Chapter 5.
Second, plasma plume physics as determined by Langmuir probes and mass loss measurements, applicability
of Langmuir probes to time-of-flight analysis, and plume substrate interactions are discussed in Chapter
3. The relationship between laser energy density, plume parameters, and film sp® fraction is described in
Chapter 4. Chapter 5 investigates the plasma physics of the plume under magnetized conditions. The
structure and properties of doped diamond-like carbon films are discussed in Chapter 6. Conclusions are

presented in chapter 7. Finally, ideas for future reasearch are presented in Chapter 8.



Chapter 2

Experimental

2.1 Pulsed Laser Deposition

The pulsed laser deposition system used in this dissertation research consists of an excimer laser, optical
bench, vacuum chamber, and target/substrate assembly. The laser is a Lambda Physik KrF excimer laser
LPX 210, with a maximum energy of 700 mJ and a full pulse length of 45 ns. Its operating wavelength is
248 nm. The optical bench is a set of mirrors and lenses which directs and focuses the laser beam to the
target inside the vacuum chamber. The final lens on the optical bench can be moved to adjust the spot size
on the target. The laser beam is directed such that the laser strikes the target at a 45° angle. A simple
drawing of the setup is shown in Fig. 2.1.

The vacuum chamber is a six-inch, six-way cross constructed from stainless steel. A diagram of the
chamber is shown in Fig. 2.2. Attached one port is a turbomolecular pump backed by an oil-free mechanical
pump. The maximum vacuum after bake-out is ~ 1 x 1072 Torr. One of the smaller ports is used to insert
the Langmuir and magnetic probes which are used in the analysis of the plasma produced in pulsed laser
deposition. A Wilson seal vacuum flange permits the probes to be moved within the chamber while keeping
the pressure constant. It is important to note that the probe is off the centerline of the plume by 5 mm.
This will affect the analysis of the Langmuir and magnetic probe results.

A diagram of the target and substrate holder are shown in Fig. 2.3. The target and substrate holder form
the top of the vacuum chamber. It may hold up to four targets, although only two are shown in Fig. 2.3.
The target holder rotates the target at six revolutions per minute to prevent pitting of the target material.
Two substrate holders are used for the experiments. For the unmagnetized depositions, a standard ceramic
substrate holder with heater is used. A special substrate holder was used for the magnetized depositions, and
for the analysis of the plume under magnetized conditions. All depositions took place at room temperature.

To investigate the effect of laser energy density, and thus varying plasma properties, on film growth and
properties, a series of depositions were performed. The laser energy densities chosen were 1.6, 2.0, 2.5, and

3.2 J/em?. The last focusing lens on the optical bench was at 12 cm, yielding a laser spot size on target for
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Figure 2.1: Experimental setup showing optical bench.

each deposition of 0.22 cm?. The target was struck by the laser at a repetition rate of 10 Hz for 55 s. This
produces thin DLC films with a thickness of ~ 100 A.

To investigate the effect of dopants on film properties, small strips of copper and titanium film were
placed on to the carbon target. They are held in place with small clips on the target holder. To change
the concentration of dopant in the film, 1, 2, or 4 strips of copper or titanium were placed on the carbon
target. As the target rotated, the laser alternately ablated carbon and dopant material. In this case, the
laser energy density was held constant at 2.5 J/cm? and the spot size was cosntant as well at 0.22 em?. For
these depositions, the laser repetition rate was 10 Hz and the deposition time was 16 min. 40 s., or 10000
pulses. Film thickness is &~ 2000 A. For nanohardness measurements, the films were deposited for a time of
33 min., producing films of 4000 A.

All films were deposited on silicon (100) substrates. Substrates were prepared for depositions by cleaning
in an ultrasonic cleaner. The substrates are placed in acetone for five mintues, in methanol for five minutes,
and in hydrofluoric acid(HF) for two minutes. Cleaning in HF is necessary to create a hydrogen terminated

surface on the silicon. This will prohibit the formation of SiO, and allow for good film adhesion.

2.2 Magnetically Assisted Pulsed Laser Deposition

In order to perform depositions under magnetized conditions and investigate the effect of the magnetic
field on the plasma, a special magnet and substrate holder was created. A diagram of the magnet and

substrate holder is shown in Fig. 2.4. It houses two NdFeB rare earth magnets with a surface field
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Figure 2.2: Pulsed laser deposition chamber. Note that the Langmuir probe is off the plume centerline. A

convectron gauge and an ionization gauge are not shown.

strength of 1.26 T" purchased from National Imports. These magnets are rectangular and have dimensions of
lin. x 1lin. x 0.25in. The magnets are placed in recesses within the aluminum blocks that form the top
and bottom of the substrate and magnet holder. These two aluminum blocks are separated by 3.5 cm by an
aluminum substrate holder. For the Langmuir probe experiments, the substrate holder cannot be present as
it would block the path of the probe. Instead, the magnets are kept separated at 3.5 cm by nylon screws.
Field strength within the magnet and substrate holder was mapped by using a Hall probe. The Hall
probe used is an Applied Magnetics Laboratory Inc. model GM1A Gaussmeter. A plot of the field strength
as functions of y and z at © = 1.25 c¢m in the magnet holder is shown in Fig. 2.5. Typical field strength
between the magnets and along the centerline, z & 2.25 cm, is between 0.3 T" and 0.4 T', close to the magnet

surfaces, the field is near 0.9 T'.
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Figure 2.3: Target and substrate holder for the pulsed laser deposition experiments.

2.3 Electron Microscopy

A JEOL 2010F transmission electron microscope(TEM) with a Schottky emmiter operating at an acceleration
voltage of 200 kV was used for all transmission electron microscopy experiments. A GATAN image filter
is used to acquire electron energy-loss spectra and high resolution TEM images. The effects of multiple
scattering on the electron energy-loss spectrum are removed by Fourier-log deconvolution.[54]

All TEM samples are plan view and are prepared for electron energy loss spectroscopy via chemical
polishing. This is done to avoid the damage caused by ion milling.[55] Discs are cut from the silicon substrate
with an ultrasonic cutter. A dimple is then created on the silicon side with an ultrasonic dimple grinder.
Acid resistant wax is placed on the film side. A solution consisting of 25 mL hydrofluoric acid, 75 mL nitric
acid, and 30 mL of an acetic acid/iodine solution is used to etch the silicon. The acetic acid/iodine solution
is prepared by dissolving 2.5 grams of iodine in 500 mL of acetic acid. Once a small hole is created in the

dimple, the disc is removed from the acid solution. The acid resistant wax is removed with trichloroethylene,
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Figure 2.4: Diagram of magnet and substrate holder.

acetone, and methanol. The plan view samples are then fully prepared for analysis in the TEM.

In electron energy-loss spectroscopy, a spectrum of inelastically scattered electrons is recorded. A com-
plete spectrum is recorded by taking specta over multiple energy windows. A drift tube on the EELS
spectrometer permits different energy ranges to be selected. For the undoped specimens, the drift tube was
biased to voltages of 0, 100, 200 or 250, and 300 Volts. For doped specimens, further spectra were taken at
larger drift tube potentials to observe dopant ionization edges which occur at larger energy losses. For Ti,
the drift tube voltage was increased to 400 V' to observe the Ti Ls 3 edge. For Cu, the drift tube voltage was
increased to 900 V' to observe the Cu Ly 3 edge. The complete spectrum is created by splicing the individual
spectra togetether with appropriate scale factors. The spectrum provides information on the structure of the
material examined. Using different energy windows is necessary as the ionization-edge features are typically
several orders of magnitude smaller than plasmon or zero-loss features.

It is typically assumed that the sample is sufficiently thin such that the electron only undergoes a
single inelastic scattering event. However, there is a probability that the incident electron will scatter
inelastically multiple times within the sample. This effect may be removed from the spectrum via fourier-
log deconvolution. Fourier-log deconvolution will produce a spectrum that is the result of single inelastic
scattering events within the specimen. The complete, raw, spectrum J (E) and the spectrum containing only
the zero loss peak Z (E) are necessary. If j (k) and z (k) are the Fourier transforms of the complete spectrum
and the zero loss spectum, respectively, then the Fourier transform of the single scattering spectrum j* (k)

is:[54]

iU (k) = 2 (k) In (i EZ;) (2.1)
The inverse Fourier transform of Eq. 2.1 is the single scattering distribution J* (E). To reduce noise within
the deconvolved spectrum, the complete, raw, spectrum is extended with power-law functions on right and
left ends of the spectrum. Deconvolution of the spectrum is performed before any analysis is attempted.

An electron may lose energy through a number of different interactions with the material. First, an

11
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incident electron may cause sample electrons to undergo interband transitions. The energy loss from these
interactions can be used to study the electronic structure of the material.[54] Second, an incident electron
may excite a collective oscillation of sample valence electrons. Due to its similarity with an electron plasma
oscillation, this is known as a plasmon. In a plasma, the electron plasma frequency is proportional to
the electron density within the plasma. The location of the plasmon in the EELS spectrum permits an
estimation of the valence electron density, and thus the atomic density of the sample. For a metal, the

Drude free electron model gives the shape of the plasmon region as a function of electron energy loss, E, as:

I ELET
(E? — E2)” + E?I?

where Ij is the peak intensity, I' is the full width at half maximum of the peak, and Ep is the location of

(2.2)

f(E)=

the plasmon peak. The Drude model is derived by considering a perturbation of the valence electrons from

their equilibrium position, with damping. This model is excellent for metals, however, it is not completely

12



Ocm 1cm 2cm 3cm 4cm 5cm Centerline
Field Strength

0.185T 0.359T 0.38lT 018 T 0.052T 0.013T

Langmuir

Probe

Target Positions
Not to
scale (. oo 9_5_ F_n_] ________________________ G

: Magnet and

______ Magnet Substrate

Holder
0.2cm
.
2.54 cm

0.5cm

Figure 2.6: Geometry of the target, magnet holder, and Langmuir/ B probes. The target and magnet holder

are not to scale. The positions of the magnets and the probe positions are to scale.

accurate for semiconductors. Band gap effects in semiconductors alter the dynamics of the electrons as they
respond to the perturbation in the local electric field caused by the incident electron. The result of band
gap effects is that the electrons in the material behave as if they have a different mass than a free electron.
Thus, in the formula for the energy of the plasmon, the free electron mass is replaced with an effective mass.

2 1/2
€ nval)

€om;

Ep=h < (2.3)

In Eq. 2.3, i is Plank’s constant divided by 27, n,.; is the valence electron density and m} is the effective
electron mass. Ferrari, et al.,[56] calculated the effective electron mass in diamond-like carbon by using
two different, independent methods of calculating electron density within the film, EELS plasmon analysis
and X-ray reflectivity. They estimate an effective electron mass of 0.87m.. This mass is used in all future
calculations.

Mass densities in the DLC films were estimated by fitting the plasmon region to Eq. 2.2. This is
performed using a non-linear least squares package. The fit returns the full width at half maximum, I'; and
the location of the plasmon peak, Ep. From the plasmon peak location, the film mass density is calculated
using Eq. 2.3.

Another means by which the incident electrons lose energy to the sample is by ionization. The incident

13



electron may excite an inner shell electron to an antibonding state. Those carbon atoms which are bonded
in sp® coordination have formed four o bonds. Carbon atoms bonded in sp? coordination have formed three
o bonds and one 7 bond. The incident electron can excite a 1s electron to a 7* or ¢* antibonding state.
The 7* and o* antibonding states differ by =~ 5 eV, with the 7* peak located at approximately 285 eV'.
Typically, the 7* peak is seen as a small shoulder on the larger o* peak. A direct means of calculating the
sp® fraction within a carbon film has been suggested by several authors.[56, 57, 58] The method relies on the
types of bonds that sp? and sp? coordinated carbon forms. If I; is the integral intensity of the 7* peak in
the specimen, and Iag is the integral intensity of the 7* and o* peak, the ratio I;/Iag is the fraction of =
bound electrons within the sample. Performing the identical comparison on an entirely sp?> bonded sample,
in this case microcystalline graphite on amorphous carbon yields the fraction of 7 bound electrons in an sp?
only sample. The fraction of sp® coordinated carbon atoms in the sample assuming that there are only sp?
and sp® coordinated carbon atoms present is:

Iﬂ'/IAE

'f = 1 - re re
Ly

(2.4)

In the doped specimens, ionization edges from copper or titanium will be present. The fraction of
titanium or copper is estimated from the magnitude of their ionization edges. From Egerton, the ratio of the
concentration of two elements may be calculated from the intensity of certain edges and the partial ionization

cross sections:

N, I¢o?t
N = Tt (25)
b 49
In Eq. 2.5, the ratio of the concentration between elements a and b, is %—‘; The intensity of the ionization

edge from element a of type j is I{, and the ionization edge from element b of type j is I]@. The partial
lonization cross section for element a of edge type j is of. Similarly, a;? is the partial ionization cross section
of type j for element b. It is important to note that the intensities and ionization cross sections are defined
for a specific choice of the collection angle, 8. For all experiments, the collection semiangle was 13 mrad.
The intensities of the ionization edges are taken over a range A. Thus, the cross sections required are partial
cross sections, integrated from the differential cross sections over an energy range A and a solid angle of
acceptance for the detector 5. It should be noted that this is a very localized means of determining the

concentration of dopants. The fraction of titanium or copper is determine from Eq. 2.5 assuming only

carbon and the dopant is present:
1

~ 1+ N¢/N;

where N¢/N; is the ratio of carbon to the dopant material i.

fi (2.6)

2.4 Hardness Testing

For the hardness testing experiment, a MTS nanoindenter was used. Small samples were cut from the

DLC films doped with copper and DLC films doped with titanium. For all samples, two sets of nine
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nanoindentations in a 3 by 3 array were performed. The direct contact module head was used with the
standard hardness continuous stiffness measurement method. Depth of indentation was 500 nm. The
unloading cycle was started when the maximum load was reached. Another set of nanoindentations was
performed with a indentation depth of 75 nm so that more accurate data on nanohardness and modulus
could be obtained. In both sets of nanoindentations, the harmonic contact stiffness was adjusted after each

set of indents.

2.5 Visible Raman Spectroscopy

Visible Raman spectroscopy is another commonly used technique for the analysis of DLC films. It has
advantages over electron energy-loss spectroscopy in that it is nondestructive and requires no specialized
sample preparation procedures. The principle of Raman spectroscopy is that when incident photons scatter
from the surface of a material, they may interact with lattice vibrations (phonons) present in the material.
Incident photons may gain energy from, or lose energy to, phonons within the material. The spectrum of
scattered radiation yields information on the structure of the material. In depth discussions of the theoretical
nature of the Raman effect may be found in the literature.[59, 60] A detailed discussion of Raman analysis
of DLC films is given by Ferrari and Robertson.[2]

In the visible Raman spectrum of DLC films, there are two important features. These features are known
as the G and D peaks. The G peak results from the stretching motion between any two carbon atoms. It is
typically located between 1580 and 1600 ¢cm ! in DLC films. The exact location of the G peak is related to
the atomic separation and bond strength. These factors may be altered by local stress and bond type. An
isolated sp? dimer has a G peak wavenumber of 1650 cm ™', while an sp? dimer created by the implantation
of Xe ions within diamond has a G peak wavenumber of 1634 cm~1.[61] Thus, the location of the G peak
can give information on the structure of the film. The Raman D peak results from the breathing motion of
hexagonal rings of carbon. This peak is typically located at 1530 ¢m ™! in DLC films. In perfect graphite
crystals, this vibrational mode is not allowed. The presence of this peak in Raman spectra of DLC films is
an indication that the film contains carbon atoms organized in to hexagonal rings.

It should be noted that visible Raman spectroscopy does not provide direct information on the sp?
component of DLC films. Rather, visible Raman spectroscopy is most sensitivitve to sp® sites. [2, 62] Visible
photons have a smaller cross section for the excitation of o bonded sites than for excitation of 7 bonded sites.
Thus, it provides direct information on the sp? microstructure, and indirect information on the sp® fraction
under certian conditions.[2] Ultraviolet Raman spectroscopy may provide a means for direct calculation of
the sp? fraction. [20, 63]

There are a number of suggested means for analyzing the Raman spectra. Typically, the G and D
peaks are fit with Gaussian lineshapes,[64, 7, 6] Lorentzian lineshapes,[15] Breit-Wigner-Fano lineshapes,[62,

20] or some combination thereof. The Breit-Wigner-Fano(BWF) lineshape is an asymmetic, or ”skewed”,
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Lorentzian. For comparison with existing data, the BWF lineshape with a linear background is used.
2w —w 2
_ IO (]_ =+ _Z(wQF 0))
= 2
2(w—wo)
1 + ( wl"wo )

In Eq. 2.7, I (w) is the intensity of the G peak at wavenumber w, Iy is the peak intensity, wp is the peak

I(w)

+aw+b (2.7)

location, I' is the full width at half maximum of the peak, @ is the skewness factor, and a and b are the
linear fit parameters. The wavenumber w is typically given in units of em~!. Raman spectra are fit to the
BWF lineshape for the G peak with a non-linear least squares fitting algorithm. In the further analysis, the
location of the G peak is given as the location of the G peak maximum, rather than wy as determined by

the non-linear least squares fit. The G peak maximum is found as:

r
Wmaz = Wo + m (28)

In the past, the sp? fraction has been estimated from the ration of the intensity of the visible Raman D
and G peaks. This, however, is incorrect as visible Raman spectroscopy only measures the sp? component of
the DLC films. However, this ratio indicates the ordering of the sp? phase. If I(D)/I(G) = 0, then the sp?
carbon atoms are ordered in chains, rather than hexagonal rings. In nanocrystalline graphite, the I(D)/I(G)
ratio is a measure of the nanocrystallite size.[2] Another indication of the ordering of the sp? phase is T,
the full width at half maximum of the G peak. The width of the G peak is related to the distribution of
sp? chain sizes.[2] As the disribution of sp? chain sizes becomes increasingly narrow, the full width at half
maximum of the G peak decreases.

Currently, sp® fraction is estimated from visible Raman data via the location of the G peak. This
is possible due to the fact that the sp® and sp® phases grow together.[2] Any external influence, such as
annealing or ion implantation, will alter the relationship between the two phases.[2] When fit with the BWF
function, the G peak position wyq. is found to increase with increasing sp® fraction. The theory of Ferrari
and Roberston suggests that this is due to the sp® phase changing its ordering from rings to chains, which
then become increasingly shorter with increasing sp® fraction.[2] The estimation of sp® fraction from G peak
position is discussed in further detail in Chaper 4.

The peak skewness @ is also taken as an indication of the sp?® fraction.[62, 20] Large negative values of Q
are an indication that the sp? fraction of the DLC film is high. Typically, if Q ~ —10, the DLC film has an
sp® fraction of ~ 80%.[57] The physical basis for this change in peak skewness with sp® fraction is unclear.

To acquire the Raman spectra, a 514 nm laser was used. The laser illuminated a small section of the

DLC sample. Scattered light from the sample was analyzed with a spectrometer.

2.6 Langmuir Probes

A quadruple Langmuir probe is used to acquire data on the ion density and electron temperature within

the plasma. The probe is constructed from a one foot long single bore Aluminum Oxide tube with an outer
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Figure 2.7: Schematic of the quadruple Langmuir probe.

diameter of 0.953 cm and an inner diameter of 0.653 cm. Four tungsten wires with a diameter of 0.025 cm
are placed in the single bore alumina tube. A four bore alumina tube is used to keep the tungsten wire
separate. The tungsten wires extend 0.5 c¢m past the end of the four bore tube, which is placed inside the
single bore alumina tube. The four bore alumina tube is one inch long with four 0.08 em diameter bores in
a 0.4 cm diameter cylinder. At the other end of the single bore alumina tube a vacuum seal is created with
vacuum epoxy. Copper wire leads extend from the vacuum epoxy and are connected on the interior of the
single bore tube to the tungsten wires. These copper wire leads are connected to a probe circuit designed to
facilitate the acquisition of data on plasma parameters. A diagram of the Langmuir probe is shown in Fig.
2.7

A Hewlett Packard Infinium Oscilloscope with a data acquisition rate of 1 Gigasample per second was
used to acquire signals from an Agilent differential probe connected to a special Langmuir probe circuit.
Both the laser and the oscilloscope are triggered at the same time with a Stanford Research Systems pulse
generator. A Kepco power supply is used to bias the probe circuit. A block diagram of the experimental
setup for the Langmuir probe experiments is shown in Fig. 2.8.

In the Langmuir probe experiments, the probe is placed at varying positions from the target surface.
The probe distance is measured by touching the probe tips to the target surface, and marking off distances
on the single bore ceramic tube. For all Langmuir probe experiments, data were taken at 1, 2, 3, 4 and 5

cm from the target surface.

2.6.1 Unmagnetized Plasmas

The probe equations for charged particle collection in unmagnetized, flowing, plasmas follows from standard
probe theory.[65, 66] A probe circuit facilitates the acquisition of temperature and density data without
having to sweep the probe voltage. The Langmuir probe circuit used in this experiment is shown in Fig.
2.9. It must be noted that the probe tips are not aligned along the centerline of the plasma plume. The
Langmuir probe is offset by 5 mm from the laser spot. This must be taken into account when attempting to

calculate plasma parameters by making corrections for the probe offset.
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Figure 2.8: Block diagram for Langmuir probe experiment.

The Langmuir probe circuit shown in Fig. 2.9 is completed when the probe is immersed in the laser
ablation plasma. Probe 1 is biased at a positive potential, while probes 3 and 4 are biased at a negative
potential. For this analysis, it is assumed that probe tip 3 operates in ion saturation. Probe tip 2 is floating,
it thus collects no net current. Kirchoff’s current law on probe tips 1, 3, and 4 gives an equation for the

current flow within the probe.
JeAree X — JiAy; = —J Azee X + JiAsy — Je Ageem X+ J; Ay (2.9)

In Eq. 2.9, J. is the bulk electron current density, x; is the dimensionless potential of probe tip j, Aj;;
is the area over which probe tip ¢ collections the jth type particle, and J; is the ion current density. The
dimensionless potential is defined as:

_e(Vp=Vy)

P 7 2.1
Xi kT, ( 0)

where Vp is the plasma potential, V; is the potential on probe i and kT, is the electron temperature. If the
Debye length within the plasma is smaller than the probe radius, then the collection areas for each probe are
simply the area of each probe tip. Furthermore, it is assumed that the collection area for electrons is identical
to the collection area for ions. Thus, 4;; = A = 8.05 x 107% m? for i = 1,2,3. However, the geometry of
probe 4 necessitates a correction for supersonic flow. In this case, the collection area for electrons is different
than that of ions. It is assumed that wake effects prevent the collection of ions and electrons over more than
half of the probe area. A visualization of the wake effects on probe tip 4 is shown in Fig. 2.10.

The potential on the probe is not signficant enough to deflect the path of the ions, thus ions within the
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Figure 2.9: Langmuir probe circuit.

flowing plasma only see the projected area of the probe. Electrons however, may be deflected, and thus see

half the area of the probe tip. Thus, A4; = % and Ay = %. Substition of the areas A;; in to Eq. 2.9 yields:
1
Jo (e +e X8 pe X)) = <2 + —> (2.11)
7r
Under the assumption of ion saturation, e X3 = e X+ & 0, and Eq. 2.11 is simplified:
_ 1
JeeT Xt =J; [ 24 — (2.12)
™

A second expression for the ion current density in terms of the electron current density is derived from

Kirchoff’s current law applied to probe 2. Probe two is floating, and thus draws no net current.
0= Asedee X2 — Ay J; (2.13)
If Eq. 2.13 is solved for the ion current density, and noting As. = As;, the result is:
Ji = Jee X2 (2.14)
Substitution of Eq. 2.14 in to Eq. 2.12 yields:

1
Jee™X1 = JemX2 (2 + _) (2.15)
™
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Figure 2.10: Wake effects on probe tip 4 in the quadruple Langmuir probe.

Simplification of Eq. 2.15 gives:

1 =eXt7x2 (2 + l) (2.16)
T
The expression y; — X2 simplifies to:
Vp -1 Vp —Va e eVia
— X2 = — =— — =— 2.1
XX = e T T, (V) = g (2.17)

In Eq. 2.17, V15 is the potential measured between probe tips 1 and 2 as seen in the circuit drawing of Fig.
2.9. Substitution of Eq. 2.17 in to Eq. 2.16 and taking the natural logarithm of both sides of the result

yields:
K. _ Vi
e In(2+1)

The electron temperature in the unmagnetized laser ablation plasma is estimated with Eq. 2.18.

~ 1.19V3, (2.18)

An explicit value of the ion current density, and thus ion current, is found by assuming that the ion
collection by a probe tip in ion saturation is the sum of the thermal current which enters the sheath satisfying
the Bohm criteria and the current collected due to supersonic flow past the probe tip.[65, 66, 24, 32, 67]

Thus, given a plume flow speed u and an area perpindicular to the flow A, the ion current collected by a
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Table 2.1: Important Langmuir probe geometery parameters.
d (em) | 0 (degree) Al (m?)

1 26.565 1.953 x 106
14.036 1.149 x 1076
9.462 0.842 x 1075
7.125 0.683 x 10=6
5.711 0.587 x 10—

QU = | W | N

probe tip operating in ion saturation is:

T\ /2
8) +en;ud (2.19)

i

k
tsqt = 0.61en; (

Solving Eq. 2.19 for the ion density gives:
Viz /10 ©

n; = % (2.20)
€0.61 (%) + eud |
The area of the probe tip perpindicular to the flow is given approximately by:
Al = 7rrf) + wrphsin (0) (2.21)

In Eq. 2.21, r,, is the probe radius, h is the probe length, and 6 is the angle that the probe tip is offset from
the plume centerline. With a probe radius of 0.25 mm and a probe length of 5 mm, the values for the area

perpindicular to plume from A and the offset angle # are shown in Table 2.1.

2.6.2 Magnetized Plasmas

Complications arise in the analysis of probe signals when a magnetic field is applied to a plasma. The effect
of the magnetic field on the motion of the ions and electrons must be considered. Ordering of probe radius,
ion Larmor radius, and electron Larmor radius gives an indication of the effect of the field on Langmuir
probe. First, in the weak field case, the Larmor radii of the ions and electrons are much greater than the
probe dimensions. It is acceptable to use ordinary, unmagnetized, Langmuir probe theory in this case. The
second case is that of the ion and electron Larmor radii much less than the probe dimensions. In this case,
ions and electrons must diffuse to the probe to be collected. Hutchinson and Chen both discuss preliminary
treatments of this case.[68, 66]

The third possible ordering is with the Larmor radius of the electrons much less than the probe diameter,
which in turn is much less than the ion Larmor radius, rz. < L < rr;. In this case, the collection of ions by
the probe is unaffected by the magnetic field. The equation derived earlier for the ion density in terms of V3
is still correct. However, the collection of electrons is affected by the magnetic field. The electron current is
reduced by the magnetic field from its field-free value, the equations used to estimate temperature from Vi,

must be reexamined.[66, 68, 69, 70] This correction will be developed in Chapter 5.
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Figure 2.11: Circuit model for B probe.

2.7 Magnetic Probes

Magnetic field data for the magnetized plume experiments are taken with a B probe. This permits a
quantitative description of the magnetic field as the laser ablation plasma expands and interacts with the
strong field region under the magnets shown in Fig. 2.4. The probe is constructed from 100 turns of 36 AWG
8058 magnet wire manufactured by Belden Corporation. To form the probe, the magnet wire is wrapped
around a 0.25 ¢n. diameter plastic cylinder. The wire is held in place with vacuum epoxy cement. The probe
is attached to the end of a small fiberglass rod with vacuum epoxy cement. This rod is secured in a foot
long single bore alumina rod of the same type used to construct the Langmuir probe. At the opposite end
of the alumina rod, the wire leads are attached to thick copper wire leads and vacuum sealed with vacuum
epoxy cement. From the copper wire lead, the probe is connected to an RC integrator and then to the
Hewlett Packard Infinium oscilloscope. The RC integrator has a time constant of 1072 s. This RC value
ensures correct and complete integration of the B signal. It was found that the RC integrator reduced signal
strength significantly. Thus, the probe was connected directly to the oscilliscope.

Figure 2.11 shows the circuit model of the B probe system. Coil inductance, coil resistance, and scope
impedance must be considered.[66, 71] Application of Kirchoff’s current law permits the derivation of Bin

terms of circuit parameters.
. 1 L, . R
B=—|=—= 1+ =22 2.22
NA(RSV”( +RS>VS> (222
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Figure 2.12: True magnetic field and magnetic field as detected by the B coil.

In Eq. 2.22, N is the number of turns in the B coil, A is the coil area, L, is the B coil inductance, R,
is the B coil resistance, and Ry is the oscilloscope resistance. The probe resistance is 4.3 2 and the probe
inductance is 66.7 pH. The probe parameters was measured with a BK Precision 878 LCR meter.

Proper probe calibration is necessary to accurately determine the magnetic field. The magnetic field
calculated by the B probe may be different than the true field due to the effects of probe construction, such
as multiple layers and loops not exactly perfectly looped around the former of the B probe. To this, a simple
coil is created by wrapping 25 turns of 36 AWG 8058 Belden magnet wire around a 6 in. diameter PVC

tube. A small hole is drilled in the PVC tibe to permit access for the B probe. The B probe is placed 1.4 ¢mn

from the center of the coil along the PVC tube centerline.

The magnetic field along the centerline of a dipole is:
-2
HoiFt (2.23)
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Figure 2.13: Correction factors for the B probe as a function of frequency.

where o is the permittivity of free space, R is the coil radius, z is the distance from the coil along the coil
centerline, and ¢ is the current in the coil. To account for the finite thickness of the coil by summing the
contribution of the magnetic field from each loop of the coil. The coil thickness is 0.7 em, and its center is

1.4 em from the location of the B probe. Thus, each loop of the coil is located at:

0.7cm+,x0.7cm_105 +_x0.7cm
I Ty T A T X g

zj=14cm— (2.24)

The magnetic field due to all the current loops is the sum of the magnetic field from each individual loop.
Thus, with Eqs. 2.23 and 2.24, the magnetic field is:

LI R? o 1
B= (2.25)
2 jzz:o (R? + Z?)3/2

The magnetic field given by Eq. 2.25 is slightly different than multiplying Eq. 2.23 by the number of turns
in the coil, 25.
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A function generator is attached to the 25 turn coil and a 5.7 Q resistor to provide a known magnetic
field. The current in the 25 coil is determined by the voltage drop across the 5.7 2 resistor. From the known
field created by the 25 turn coil, and the magnetic field calculated from the B coil, a correction factor for
the construction of the probe is determined. Essentially, the correction factor is an effective N A value for
the B probe. The correction factor is found by dividing the true field, Eq. 2.25, by the observed field 2.22.
In general, this factor may a function of the frequency. To determine the frequency response, the correction
factor is determined over a frequency range between 100 kHz to 5 M Hz. This correction factor is shown in
Fig. 2.13.

In general, the correction factor is small, approximately only a factor of two over this frequency range.
Thus, the raw magnetic fields from the B probe will be mutiplied by a factor of two to arrive at the true
magnetic field. It should be noted that the function generator is not stable beyond a 1 — -2 M Hz.

Data are taken using a setup similar to that shown in Fig. 2.8, although there is none of the circuitry
used for the Langmuir probe experiments present. Magnetic field data are taken at positions of 1 c¢m, 2 cm,
3 cm, 4 cm, 5 em. Three laser energies, 350 mJ, 440 m.J, and 550 mJ are used for comparison with the
Langmuir probe and optical spectroscopy data. The Hewlett Packard Infinium Oscillsope and the laser are

both triggered by a Stanford Research Systems DG 535 trigger generator.

2.8 Mass Loss Measurements

In order to determine an ionization fraction and to investigate the energy balance within the plume, mass
loss measurements are taken. A carbon target is initially weighed with a Mettler AE 240 microbalance.
The target is ablated for a large number of pulses and then weighed again. This is repeated for 500 m.J,
450 m.J, 400 mJ, and 350 m.J. Unfortunately, the laser was not capable of pulses greater than 500 m.J due
to the poor quality of the laser gas. From the mass loss measurements, the total number of atoms ablated
is calculated. The pressure used was 1.0 x 1075 Torr. The pressure is sufficiently low such that there is no

backscatter from the surrounding gas atoms.
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Chapter 3

Laser Ablation Plume Plasma Physics

The properties of the plume created in pulsed laser ablation and deposition determine the characteristics of
the deposited film. It is therefore vital that the properties of the plasma be well understood. Previous research
performed with the experimental arrangement described in the Experimental chapter has characterized
plasma plume parameters created from the laser ablation of carbon.[24] Electron temperature, ion density,
the distribution of ion density in three dimensions, and ion kinetic energy were determined using a quadruple
Langmuir probe. The key result from this work is the verification of adiabatic expansion.[24]

First, models of plume formation and expansion are reviewed. These models are then discussed in terms
of empirically determined plasma data.[24] Second, the applicability of the quadruple Langmuir probe as a
technique to determine plasma parameters is discussed. In the derivation of the Langmuir probe equations
in the previous chapter, is has been assumed that the sheath surrounding the probe is collisionless. This
will be verified using mass loss data from the current work and plasma parameter data determine from the
previous work.[24] Third, an energy balance is conducted to determine the partition of the incident laser
energy to the various plasma species. The energy balance is created using the mass-loss data conducted is
the current work, with the plasma parameter data determined in the previous work.[24] Finally, the effects

of sputtering and the potential for sheath formation at the substrate are considered.

3.1 Review of Models of Plume Behavior

3.1.1 Formation

A very simple view of the pulsed laser ablation process is as follows: 1) The incident laser rapidly heats
the target. 2) A dense, warm plasma is created near the target surface 3) The plume expands adiabatically
4) The plume deposits onto a substrate, with the high particle kinetic energy permitting the creation of
non-equilibrium structures(eg diamond-like carbon).

Before proceeding any farther, it is necessary to invoke an assumption. In this dissertation, the laser

pulse duration is of the order of nanoseconds. Shorter pulse durations(ps and fs) permit different laser-target
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interactions than those which occur in nanosecond pulses. In the nanosecond case, the dominant interaction
is with the phonons in the material. This is because the laser time scale is greater than the time scale for
transfer of energy from the electrons to the phonons. At shorter time scales, energy cannot be transferred
from the electrons to the phonons. Discussion of laser-solid interaction for ps and shorter time scales may
be found in literature.[72, 73]

At the beginning of the laser pulse the target material is heated rapidly and starts to evaporate. The
neutral gas temperature is approximately equal to the temperature at which evaporation occurs. Using the
Saha equation to estimate ion population underpredicts the ion population found experimentally.[26] An
addiational source of electrons is from thermoelectric emission.[26] The thermoelectric current density is

found from Richardson’s equation

: —¢
J, = AT? — 3.1
con (1 (3.1
where J, is the current density, 7" is the target temperature, A = 120# is Richardson’s constant, and ¢

is the work function. For a carbon target, ¢ = 5eV and T' = 4073K, J. =~ 1244 A/cm?. The temperature
chosen is the evaporation temperature of diamond. Typical spot sizes are of the order of 0.2 em?. In one
nanosecond, approximately 1.16 * 10!2 electrons are emitted. This represents a population of seed electrons
which then gain energy via inverse bremmstrahlung, lose energy by ionizing surrounding atoms, which creates
more electrons that may absorb photon energy. Inverse bremsstrahlung may also occur in the presence of
neutral atoms. This process creates a plume with a higher ionization fraction than that which is predicted
from the Saha theory.

In the process of inverse bremsstrahlung, an electron absorbs a photon in the presence of an ion. The
laser absorption coefficient « is calculated by:[25]

3,2

Z°n _ _
o = 3.60 x 10° 7 (1 s hw/kT) em=1 (3.2)

where Z is the charge state of the ions, n; is the ion density in em ™2, T is the electron temperature in eV’
and w = 1.21 x 10'® s~ is the frequency of the laser radiation. For simplicity, Z = 1, although experimental
results indicate the presence of multiply ionized species in most laser ablated plasmas. A detailed study of
ion populations during the pulse would be helpful in determining an effective Z for certain elements. For a
dense (1022 m™3) warm (~ 100eV’) isothermal plasma, irradiated by a 248 nm laser, the mean free path for
inverse bremsstrahlung is of the order of 4 millimeters. This is larger than the typical plume dimension in
the direction normal to the target surface. Assuming a plume length of 100um and pulse energy of 500 m.J,
the amount of energy absorbed via inverse bremsstrahlung is 12.3 m.J, or about 2.5 percent of the incident
laser energy. However, there is little experimental verification of the densities and temperatures found during
plume formation.

A model for the electron population and temperature during the laser pulse may be derived by considering
the source of electron production and loss, as well as electron heating and cooling. In terms of the electron

population, production of electrons by thermoelectric and electron impact ionization are considered. For
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simplicity, the only loss term considered is recombination. Electrons are heated by inverse bremsstrahlung
and cooled by collisions with ions and neutral atoms. Adiabatic expansion is ignored for the short time
scales. Dielectronic recombination is ignored.

The rate of thermoelectric production of electrons is found by modifying Richardson’s equation, Eq.3.1:

dn., 12072 Ae(¢/FT) 1
|therm = 19 (33)
dt 1.6 % 10 ANz

Production of neutral atoms is derived from thermodynamics. The total number of neutral atoms emitted

per laser pulse is:

EipNa
N, = 4
My, (0C,AT + AH) (34)

To arrive at neutral atom density per second, Eq. 3.4 is divided by the product of the plume volume and

the pulse duration.

dnn Nn

—3 1
eva = 3.5
ae e S ) = R (3.5)
The thickness, Az is calculated via:
PN 4
Az =N, A;—— .
z Moy (3.6)

Electron impact ionization from the ground state of neutral atoms and ions in the plume is assumed to

have a rate constant S equal to:

— 10— (Te/Eiz)l/2 Eiz
S(z)=10"° PR (601 Te/Eiz)exp <— T, ) (3.7)

3 1

The units of S are em?®s™

Radiative recombination from charge state z to charge state z — 1 occurs at a rate « equal to:

£\ 1/2) E.* EA\ Y3
a(Z) =52x10711Z <T> 0.43+0.5In < T ) +0.469 ( T ) (3.8)

e e e

3 1

The units of a are also cm”s™ .
With Eqgs. 3.3 through 3.8 are used to describe the temporal behavior of the plume constituents. For
this model ionization is not considered past C®*. The population of the different constituents are given by

the following rate equations:

Electrons:
dn dn ! >
T Ehh”m + Z S(z)nen, — Z a(z)nen, (3.9)
z2=0 z=1
Neutral atoms:
dn dn
d—tn = d—tn|emp —S(z=0)nen, + alz = )neng (3.10)
Tons with z=1 to z=4:
dn.
el S(z —1D)neny—1 + a(z 4+ Dnenyyr — S(2)nen, — a(z)nen, (3.11)
Tons with charge state z=5:
d
:lltz = S(4)nens — a(d)nens (3.12)
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This set of equations can be solved using available first order differential equation solvers, such as those
present in MATLAB. However, this does not completely describe the behavior of the plume. It is necessary to
know the plume temperature, epecially the electron temperature as a function of time. Assuming an isotropic
pressure distribution, neglecting conduction to the target from the plasma volume, and an isothermal plume,

the energy equation is:

3 dr

for each species present in the plume.

In this model, energy is added directly to the electrons by inverse bremsstrahlung. In the presence of
an electric field, either from ions or neutral atoms, electrons gain energy from the incident photons. Inverse
bremsstrahlung in the presence of ions is typically dominant over inverse bremsstrahlung(IB) mediated by
neutral atoms. Thus, only ion IB is considered. The electric field of the electromagnetic wave incident upon
the plasma causes ordered electron motion. Electron-electron collisions then distribute this ordered motion
in thermal energy. The rate of energy input to electrons is approximately proportional to the electron-ion
collision frequency (since IB is an electron - ion process) multiplied by the energy of the ordered motion.
The rate at which directed energy is converted into thermal energy is proprotional to the electron-electron

collision frequency and the thermal speed.

Eip ~ % (3.14)
with
Vos = T:’io (3.15)
and ‘
Etherm ~ W (3.16)

2
If the rate of energy input from inverse bremsstrahlung is much less than the rate at which ordered energy

is converted into thermal energy, then the electron distribution function may be assumed to be Maxwellian.

Vot (17)
V”th,eVee
Given the laser intensities and particle densities common in these laser produced plasmas, the condition

in Eq. 3.17 is easily met.
For simplicity, it is assumed that the rate at which energy is transferred to the plume via inverse

bremsstrahlung is:
P,
QI = 70 (1 —exp(—az)) (3.18)

with a defined in Eq. 3.2, V is the plume volume, and z is the plume dimension. Qp is summed over all
ions, since « is dependent on ion density and Z.
The plasma is assumed to be in local thermodynamic equilibrium during the initial stages of formation.[26]

Thus, it should radiate as a black body. The rate of energy loss is given by AgT*. Although a black body
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only radiates from its surface, the rate of loss per unit volume is:

N AoT?

Qp~ —; (3.19)

where 7' is in units of Kelvin, o is the Stefan-Boltzmann constant, A is the spot area, ignoring the small
plume thickness, and V' is the plume volume. This assumes that heat conduction is rapid so that any losses
of energy at the surface are conducted throughout the volume on a time scale much less than the laser pulse
time. Furthermore, Eq. 3.19 assumes that the plasma emits as a perfect black body. This is not necessarily
true for plasmas. The Stefan-Boltzmann constant in Eq. 3.19 is multiplied by the emmissivity e which is
less than one. The value of the emmissivity for the plasma in the initial stages of plume development is
unknown, and for simplicity the perfect black-body assumption, e = 1, is made.

Ionization by electron impact is another process by which the electron population loses energy. The rate

of energy loss by ionization is calculated from the ionization rate S defined in Eq. 3.7.
Qion = nmeSEi (320)

where E; is the ionization energy. Equation 3.20 is summed over all ionization states present.

Elastic collisions between all types of particles act to bring the different plume constituents into ther-
modynamic equilibrium. Energy exchange between two arbitrary, unlike particles in the plume is given
by:

Qab =10 Y vap (Ty — Ta) (3.21)
b

In Eq. 3.21, the collision frequency for energy transfer(the inverse of the energy equipartition time) is given

by:
(mamb)1/2 Z.2 7% ny InA

Vap = (3.22)
‘ (maTb + 7ana)3/2
Thus, the energy equations for electrons and heavy particles are, respectively:
3 dI, °\ P, ! AT
Sie = Qe+ ; 7 (1= eap(~az0)) ;n(z)neSEi(z) - (3:23)

where n(z) is the number density of charge state z, a, is the inverse bremsstrahlung coefficient calculated

for charge state z,  is the plume extent, and Py is the initial power.

3 o) 1T
2"

= Qb (3.24)

where n(z) is the number density of charge state z, and T, is the temperature of charge state z.

A code is written to solve the equations for density and temperature. It is iterated until convergence
on the maximum electron temperature. Results are shown for a laser energy of 550 m.J in Fig. 3.1. The
code determines an electron temperature of about 1 eV, with neutral atoms the dominant constituent. Ion

density is ~ 10?°m 3. The neutral atom density was ~ 10%® em?, two orders of magnitude larger than the
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Figure 3.1: Results of a simple zero dimensional, time dependant code for the formation of the plasma plume.

typical values.[26] This is due to the fact that the plume thickness was taken to be the thickness of ablated
materials. Given that the material should expand from phase transformation (solid — vapor — plasma),
the actual plume thickness should be larger. Singh and Narayan indicate that the expected plume thickness
is 10 — 100 pwm at the end of a 30 ns laser pulse.[26] If the plume thickness were increased, in this model,
the density would decrease. A decrease in density would reduce the energy transfer rate between electrons
and other species. This would enable electrons to reacher larger temperatures, permitting larger quantities
of ions.

The results of the zero dimensional model also show that the plume is in local thermodynamic equilibrium.
Collision frequencies are sufficiently large between species that energy is transferred and equilibriated rapidly
between species. Another interesting result is that the increase of electron temperature is delayed. This
is due to the fact that the electron density must reach a certain density before energy gain by inverse

bremsstrahlung overcomes losses to other species. The electron temperatures calculated are too low, as
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experiments have shown the presence of C?T and higher ionization states, whereas in this model C*% is
produced only briefly.[74, 38, 75] Furthermore, experimental results show that the electron temperature at
1 em from the target surface are ~ 10 eV. The model ignores the effects of inverse bremsstrahlung in the
presence of neutral atoms, which will heat the electrons. If the emmissivity of the plasma is less than one,
then the energy loss by black-body radiation is too large. Thus, if the plasma does not emit as a perfect
black-body, then the temperature of the plasma during formation will be larger than that determined by the
code.

Experimental results on plume properties during the laser pulse are lacking. The plume is generally
considered to be isothermal, due to the high densities present. For this to be strictly valid, the longest
equipartition time for energy transfer between unlike constituents must be much less than the laser pulse
time. This is shown in the results of the model. Gated optical spectroscopy is probably the most useful
experimental techique for determining species density and temperature during the laser pulse. Langmuir
probe techniques are difficult, if not impossible, due to the small plume dimensions, high densities and

temperatures, and possibility of being destroyed by the laser.

3.1.2 Expansion

Several authors have investigated the expansion of the plasma plume once it has been created. The first
of these models are adiabatic expansion models. Next, a number of authors used the fluid equations for a
neutral fluid to determine the behavior of expanding plumes. However, these neglect the effects of electrons
and ions. Recently, authors have used the fluid equations for plasmas to describe expansion, as well as
kinetic theory, in the form of the Vlasov equation. These models confirm the basic physics of the expansion
of plasma plumes, in that the expansion proceeds adiabatically.[36] They contain new physics not found in
standard adiabatic expansion models which do not consider the interaction of electrons and ions within the
plume. Ion acceleration is dependent on the electron distribution function, as electrons with their small mass
will attempt to escape the plume first, accelerating the ions due to space charge effects.[33] The ion velocity
can then be larger than that due to purely hydrodynamic acceleration alone. However, most of the basic
physics is found in the standard adiabatic expansion models and they are discussed below.

A simple model for the unrestricted expansion of a spherical gas cloud in to vacuum is given by
Zeldovich.[25] In this model, adiabatic expansion is implicitly assumed. The initial thermal energy of the
plasma is converted in to the kinetic energy of motion. The leading edge flow speed of the plume is deter-

mined by the ratio of specific heats, y, and the root mean square speed of the particles within the plume,

B 27 1/2
uedge = (ﬁ) Uo (325)

U -

Uso is the root mean square flow speed given by:

28, 1/2
L= (2 2
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where Ej is the initial temperature of the plume, and M; is the ion mass in the plume.

Singh and Narayan derive a more specific adiabatic expansion model for the specific case of laser
ablation.[26] The fundamental process of adiabatic expansion, the conversion of thermal energy to the ki-
netic energy of flow is evident in the computational results of their model. This process was confirmed
experimentally.[76, 24]

With the adiabatic expansion models, the initial plume temperature may be estimated. For a laser energy
density of 2.0 J/em?, the flow speed is u = 4.9 x 10~* m/s. Taking this speed to be the leading edge flow
speed, given by Eqs. 3.25 and 3.26, an estimate of the inital temperature is expressed as:
> -1 %

Ey = UedgeW 5

(3.27)

With uegge = 4.9 x 107* m/s, M; = 12-1.66 x 10727, and the ratio of specific heats, v &~ 1.2,[26] the initial
plume temperature is Ey ~ 12.45 eV. Unfortunately, there is little experimental work on calculation of
plume parameters during the plume formation stage. Recent work by Harilal, et al, based on time integrated
data, assuming local thermdynamic equilibrium(LTE), estimates electron temperatures three mm from the
target of 2 eV.[77] While LTE my be valid during the initial stage of plume formation, there is no a priori
reason to suggest that it is valid at later times. Furthermore, the fact that the spectra are time integrated
over the plume lifetime means that the estimated electron temperatures are a time average. They observed
the presence of C?T and C*1 ions.[77] This suggests an electron temperature between 10 eV and 30 eV or
higher, as the ionization potential of C?% is 24.381 eV and the ionization potential of C3* is 47.881 eV .
The electron temperature estimated in Eq. 3.27 is within the error of of the electron temperature 1 cm
from the target at the same laser energy density and spot size and greater than that suggested by the simple
plume formation model. This would suggest that electrons are expanding isothermally, v = 1, and that their
density only changes due to the increased volume of the plasma. However, the previous work indicates that
there is electron cooling between the 1, 3, and 5 cm Langmuir probe positions.[78] The adiabatic expansion
coefficient is given as v = 1.2 in Singh and Narayan’s model.[26] The adiabatic expansion coefficient can be

calculated from density and temperature data from the previous research. The adiabatic expansion law is:

d (P
S [ R 2
7 <pv> 0 (3.28)
Thus:
P

where C' is an arbitrary constant. Since p = Mn, where M is the ion mass and n is the density, the ion mass
M can be combined with the arbitrary constant C. The pressure is related to the temperature and density
by P = nkT, therefore:

KT =COnYt (3.30)

Taking the natural log of Eq. 3.30 results in:

In(kT) =1n(C)+ (y —1)in(n) (3.31)
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Table 3.1: Adiabatic expansion coefficients and estimated electron temperatures as a function of laser energy

density.
E; (J/em?) | u (m/s) vy To (V)
1.6 41705 1.5049 18.16
2.0 49011 1.5309 25.93
2.5 56192 1.5617 | 35.35
3.2 67295 1.6149 53.67

As temperature and density are known at three different positions, 1 ¢m, 3 cm and 5 ¢m from the target,
pairs of In (n), In (kT') can be graphed and the slope of the line connecting these points is equal to y—1. Table
3.1 shows the results of this analysis. The adiabatic expansion coefficients derived from Eq. 3.31 are larger
than those suggested by Singh and Narayan, and are close to the expected adiabatic expansion coefficient
for an ideal gas, v = 5/3. With the calculated adiabatic expansion coefficients, initial temperatures are
estimated from Eq. 3.27 and shown in Table 3.1. These electron temperatures are reasonable given the
presence of C?T and C3* ions which have been observed in the plumes arising from the laser ablation of
carbon.[74, 77] Another means of estimating initial plume temperature can be derived from kinetic theory.
This requires a true time-of-flight signal. However, the treatment of the Langmuir probe signal as a true

time of flight signal must be investigated.

3.2 Langmuir Probes

The applicablity of the Langmuir probe as a means of acquiring both time-of-flight(TOF) signals and direct
electron temperature and ion density data is investigated in this section. Time of flight signals have the
following defining characteristic: there exists a one-to-one correspondence between the arrival time of a
signal and ion speed. Probe size, collisions, and external forces may destroy this correspondence. The effects
of these factors on the TOF assumption are investigated. Mean free paths are calculated to investigate
the implicit assumption of a collisionless sheath surrounding the Langmuir probe in the Langmuir probe
equations derived in the Experimental chapter. The mean free path for collisions must be much greater than

the Debye length for the collisionless sheath assumption to be accurate.

3.2.1 Forces

A further condition on the applicability of the time-of-flight assumption is that there are no net forces.
If the plasma experiences an acceleration, it cannot be guaranteed that the distribution of ion velocities
that the detector records is identical to the velocity distribution of ions at the source. Once the plasma
has expanded to the point at which collisions are negligable, external forces are the only means of altering

the distribution function. The analytic work of Mora,[35] and of Kovalev and Bychenkov,[33] predicts the
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Figure 3.2: Geometry of Langmuir probe for time-of-flight analysis.

presence of an electric field which accelerates the ions. The predicted electric field decreases rapidly in

AN

, g from that predicted from a

time. This electric field acts to alter the differential ion energy distribution
Maxwellian distribution alone. Mora shows that the electric field is only present at the edge of the expanding
plasma and that the field at the front decreases as w;izt_2, where wp; is the initial ion-plasma frequency.
Given the large initial densities, the ion plasma frequency will be very large, ~ 10'? Hz. Thus, the electric

field is negligable even after a few nanoseconds and cannot perform any velocity space mixing to invalidate

a time-of-flight measurement.

3.2.2 Finite Probe Size

It may not be possible to neglect the size of the probe. For this discussion, the probe is considered to be
that region over which charges are collected. As discussed in the Experimental chapter, the Langmuir probe
used in these experiments has a tungsten wire tip 5 mm long. Consider a Langmuir probe with the geometry
shown in Fig. 3.2. The probe has length [, distance from tip to target d, and offset from centerline Az.

A fast ion may arrive at the far end of the probe at the same time as a slow ion reaches the tip of the

probe. Let this be time 7. The speed of the fast and slow ions are, respectively:

aq

_ 32
U1 - (3 3 )
vy = — (3.33)

The total distance of ion travel to the tip, a;, and the total distance of ion travel to the far end of the probe,

ae are determined by simple geometry:

1/2

o = (d* + Az?) (3.34)

as = ((d +0)2+ Azz)1/2 (3.35)
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Table 3.2: Applicability of time-of-flight assumption at different Langmuir probe positions.

Posn. (cm) 0 K, (eV) | Ky (eV)
1 1 100 200
2 0.529 100 152.9
3 0.351 100 135.1
4 0.262 100 126.2
5 0.208 100 120.8

With Eqgs. 3.32, 3.33, 3.34, and a2, the kinetic energies of the ions which arrive at the tip and the far

end of the Langmuir probe at the same time, 7, are:

m;

Ki= o (& + Az?) (3.36)
m; <
Ky =% ((d+ 0? + Az2) (3.37)

Therefore, the range of ion kinetic energies that are detected by the Langmuir probe at time 7 is:

m;

AK = Ky~ Ky = o

(17 + 2d1) (3.38)

If the time-of-flight assumption is valid, then the energy range which the probe detects at a single time
must be small. A dimensionless measure of the applicability of the time of flight assumption is derived by

dividing the energy range AK by the slowest ion speed K;.

5o 2 +2d)
d? + Az?

If § is small, then the energy spread detected by the Langmuir probe is smaller than a representative

(3.39)

ion kinetic energy. The use of the slow ion kinetic energy K; yields the most conservative measure of the
applicability of the TOF assumption. As the probe is placed farther from the target, or the probe length
becomes smaller, the validity of the TOF assumption improves. However, near the target, the assumption
is poor. Consider the 1 e¢m probe position (d = 1 ¢m). The Langmuir probe is has an offset Az = 0.5 cm
and a probe length | = 0.5 cm.
5— (0.5 cm)* —|—22><16m><(3.5 em (3.40)
(I em)” + (0.5 cm)

Under these conditions, an ion with a kinetic energy of 100 eV reaches the probe tip at the same time

as an ion with a kinetic energy of 200 eV reaches the far end of the probe. Table 3.2 shows values of ¢ for
typical Langmuir probe positions as well as values of K» for a representative K; of 100eV. At the 1 cm

Langmuir probe position, the time of flight assumption is not applicable.
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It is therefore advantageous to use a small probe far from the target to collect time-of-flight information.
However, this must be balanced against reductions in the signal-to-noise ratio. Given the dimensions of
the probe in the current experimental setup, interpretation of Langmuir probe results as time-of-flight is

inaccurate.

3.2.3 Collisions

For the time-of-flight assumption to be valid, the plume must expand at the end of the laser pulse as an
effusive source. That is, there are not events, such as collisions, that will alter the one-to-one correspondence
betweed arrival time and ion kinetic energy. Essentially, collisions may not occur after expansion.

The point at which collisions may be neglected occurs when the collision mean free path for a particular
particle is greater than the plume dimensions. For ions and neutral atoms, collisions with electrons are
neglected as these collisions are inefficient at changing the speed of the colliding ion or neutral atom. Ion-ion,
ion-neutral, and neutral-neutral collisions are considered for the heavy particles. Electron-electron, electron-
ion, and electron-neutral collisions are considered for electrons. The ion-neutral and neutral-neutral, and

electron-neutral mean free paths are taken to be identical:

1 1 1
~ 8.05 x 10" — m (3.41)

Ain = Aen = App = ~ -
¢ npon  2/37wR2n, Ty

In Eq. 3.41, A;, is the ion-neutral collision mean free path, A, is the electron-neutral collision mean free
path, Ay, is the neutral-neutral collision mean free path, n, is the neutral atom density, o, is the neutral
atom collision cross section, and R is the atomic radius of carbon, 0.77 A. For charged particle collisions,
the mean free path is approximated by:[79, 47]

Ay = Stk (3.42)
VEt

In Eq. 3.42, A\ the the mean free path for collisions of particles of type £ with particles of type I, v i
is the thermal speed of particle of type k, and vy, is the frequency for collisions of particles of type k with

those of type I. The collision frequencies are given by the following formulae:

21/2n; Z%etinA
Vei = e (3.43)
1273/2e3m.' " Tt
n;Z2%etlnA
Vee = 5 1/2 3/2 (3.44)
egme’ " Te
'Z4 4 A
Vi = i ‘e ?/lz 7 (3.45)
1273/2€3m,; ° T

With the appropriate thermal speeds, and Eqs. 3.43, 3.44, 3.45 and constants, the mean free paths become:

A~ 1.45 x 10V —2 (3.46)

o (KT\'P 120 2egmy 2T Ty
o 21/2n,; 724 InA n;Z2In (A)

Me
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Table 3.3: Electron-electron mean free path as a function of laser energy at the 1 ¢m Langmuir probe

position.
Laser Energy (mJ) ne (m?) A Ap (pwm) | Aee (um)
350 5.933 x 10*% | 11.08 3.071 403.6
440 7.231 x 10'° | 11.06 2.856 397.8
550 8.529 x 10" | 11.05 2.696 386.7
700 1.048 x 10%° | 11.05 2.520 365.6

kT 12 E%mi/ZTeg/z 1 T626V
Aee = O ~3.06 x 1005 —2 3.47
° <m8 ) neZ%etlnA % neZ2ln (A) " (347)
T. 1/2 1273/2¢2 1/2T3/2 T2
A = 2k T S 145 x 10T —2Y (3.48)
m; n; Z%*etlnA n; Z2ln (A)

First, consider the electrons. As stated previously, if electrons undergo collisions, then any one-to-one
correspondence between arrival time and electron speed is destroyed. The electron-electron mean free path
is quite small, as shown in Table 3.3. The debye length, Ap is included for comparison. as shown in Table
3.3, the electron-electron collision mean free path is much greater than the Langmuir probe position, 1 cm,
for this case. Any electron in the plasma which at some point is collected by the probe must undergo several
collisions before it reaches the probe. This means that any one-to-one correspondence between velocity and
time of arrival for electrons is destroyed. Electron signals from Langmuir probes cannot be considered a true
time-of-flight signal.

The electron-electron mean free path is much greater than the Debye length. From Eqs. 3.48 and 3.46,
the mean free path for electron-ion and ion-ion collisions are greater than the electron-electron collisions
mean free path. For collisions with neutral atoms, the mean free paths are larger than those for charged
particle collisions, given the neutral atom density. The neutral atom density will be discussed with the mass
loss results. The assumption of the collisionless sheath is therefore valid for these experimental conditions.

The electron-ion and ion-ion mean free paths at the conditions described in the electron-electron collision
mean free path analysis are in the range 1.7 ¢m to 1.9 ¢m. The mean free path for collisions with neutral
atoms are in the range 4.4 cm to 12 cm. Under these conditions, one could consider ion and neutral atom
signals to be a true time-of-flight signal. It is important to know the position at which the transition
between collisional interactions and free flight begins. This will give the plume a finite thickness that must
be accounted for in the same manner as finite Langmuir probe length effects. There does not exist detailed
information in this experiment on plasma densities or electron temperatures at positions closer to the target
than 1 em. Figure 3.3 shows values of the electron-ion mean free path as a function of density for a range
of temperatures. The electron-ion mean free path is identical to the ion-ion mean free path under the

assumption that electron temperature and ion temperature are identical.
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Table 3.4: Applicability of time-of-flight assumption at different Langmuir probe positions accounting for a

finite plume thickness.

Posn. (cm) 0 Ki (eV) | Ka (eV)
1 1.358 100 235.8
2 0.684 100 168.4
3 0.443 100 144.3
4 0.326 100 132.6
) 0.257 100 125.7

The density at a particular position may be estimated by assuming an inverse-square relationship. For
instance, the density at the position r is equal to ngri/r? where ng is the density at reference position ry.

The density at 7 = 1 mm at a laser energy of 700 m.J is therefore ~ 1.048 x 10%2m=3.

The ion-ion mean
free path for an electron temperature of 10 eV at that density is ~ 0.16 mm. If the electron temperature
is somewhat higher, 20 eV, then the mean free path increases to =~ 0.5 mm. At lower laser energies, the
ion-ion mean free path will be larger than in the 700 mJ case, due to their reduced densities. This will
make the ion-ion mean free path equal or exceed the assumed 1 mm plume extent assumed in this example.
Although the exact values of density and temperature are not known here, Fig. 3.3 with an inverse square
assumption for the density variation shows that the plume extent where ion-ion collisions may be neglected
is no greater than 1 mm. At 0.1 mm, the density for a laser energy of 700 m.J is 1.048 x 10?*m=3. For an
electron temperature of 30 eV, reasonable, since this position and density represents an earlier time frame in
the evolution of the plume, the mean free path is 0.016 mm. Thus, ion-ion collisions are still likely to occur
at these small plume extents. As the plume expands, ion-ion collisions may be neglected once the plume has

reached ~ 1 mm in extent. If a finite plume extent, €, is accounted for, then Eq. 3.39
5 (12 + 2dl —;— 2de — 62) (3.49)

(d—e€)” + Az

This will alter the results of Table 3.2. Table 3.4 below shows the applicability of the time of flight

assumption to different Langmuir probe position. The effects of finite plume thickness act to decrease the

accuracy of a time-of-flight measurement, even if the thickness is only 1 mm.

3.2.4 Estimation of 7; assuming time of flight

It is possible to estimate the initial temperature using an approach from kinetic theory.[80] Assume that the

velocities are given by

Vi (t) = l

S (3.50)

where v; is the ion velocity, and 7y is the laser time that the laser pulse occurs. The laser pulse time is

determine with a laser energy meter connected to a Hewlett Packard Infinium oscilloscope. Thus, the ion
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Figure 3.3: Electron-ion mean free path as a function of electron density at different electron temperatures.
These mean free paths are identical to the ion-ion mean free path under the assumption that electron and

ion temperatures are identical.

energy is calculated using Eq. 3.50:
milz
E (t)= —— 3.51
=5 (3.51)
Mayo in Ref. [80] expresses conservation of number of particles as:

AN I
<m> 00dE = ~dt (3.52)

In Eq. 3.52, d) is the differential solid angle, dE is the differential ion kinetic energy, d/V is the differential
number of particles, I is the ion current, e is the electron charge, and d{2 is the differential solid angle swept
by the detector. Physically, % is the differential number of ions per energy per solid angle. For simplicity,

the angular dependence is ignored. Equation 3.52 becomes

dN _ Idt
dE ~ ¢dE

(3.53)
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Figure 3.4: Values of In(I/E5/?) versus ion energy E for estimation of initial ion temperature via kinetic

theory.
The inverse of the derivative of Eq. 3.51 is equal to dd—é:
e _tm” (3.54)
dE ~— 2\/2E3/2 '
With Eq. 3.54, Eq. 3.53 becomes:
AN I Im)?
= - (3.55)

dE ~ e 2\/2E3/?

It can be shown that if g(F) is the energy distribution function, the ‘;—g = ¢(E).[80] If the initial

distribution of ion energies is Maxwellian, then

2 . 1 3/2
9(E) =Ny E'? exp (—E/KT;) (3.56)

ViR,

where Ny is the total number of ions, E is the ion energy, and T; is the ion temperature. Multiplying Eq.
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3.56 by E'/? due to the assumption of an effusive source,[80], then Eq. 3.55 becomes:

2 132 1 iml/?
No———FE— =-——t 3.57
O /) KT, e 2v/2F3/2 (3:57)

Rearragning Eq. 3.57 yields an equation that yields the ion temperature via linear regression:

(28N ) B, (IE*E’/Z) (3.58)
im! kT 7)) KT

where [ is the detected current as a function of time. By plotting values of In (I E-5/ 2) versus the energy
E, a line with slope —1/kT; should be created. This will be true if the initial distribution function was
Maxwellian, and the uncertianty in the energy detected at time ¢ is small. This analysis was performed on
the data from this experiment. However, as shown in Fig. 3.4, there are no linear regions of the graph. The
graph was plotted as a semi-log plot, with the logarithmic scale on the x-axis, to illustrate this point. If the
value of In (IE’5/2) were linear with energy on a standard plot, it would not be so on a semi-log x-axis plot.
Thus, the effects of a possible non-Maxwellian initial distribution function and the errors in the collection of
ions due to finite probe size effects make the use of Langmuir probe ion saturation currents as time of flight

signals erronous.

3.3 Energy Balance

3.3.1 Neutral Atom Densities

In the previous work, reliable measures of neutral atom density were not available. To determine the neutral
atom density, mass loss data are taken as described in the Experimental chapter. Figure 3.5 shows the mass
loss data as a function of laser energy density. The mass loss, and thus total number of particles, increases

with increasing laser energy. Total particle inventory is calculated by:

AM .
N = —5 6022 x 10%* (3.59)

The total particle inventory is between ~ 6 x 10'® to ~ 10 x 10*® over the range of laser energies used for the
mass loss experiment. It should be noted that there is no a priori reason for the mass loss to increase linearly
with the laser energy. It is necessary to consider possible loss mechanisms for the incident laser energy
that may not behave linearly with increasing laser energy. For instance, changes in reflectivity, thermal
conduction of heat, and the absorption of the laser light by the plasma will alter the amount of material
ablated. A logarithmic model provides a better fit to the data.

From the neutral atom inventory, the neutral atom density may be calculated with an appropriate model.
Mayo, et al, propose a model with a 1/7? dependance radially away from the laser spot and a cos™f angular
dependance.[32, 67] The cos™6 dependance is from results of thickness profiles of deposited films. Values of

the forward peaking factor, m, have been determined in the previous work.[24] The inverse square dependance
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Mass Loss per Laser Pulse as a Function of Laser Energy. Lens posn. 12 cm.
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Figure 3.5: Mass loss and total particle inventory as a function of laser energy.

is a result of expansion in to a half space, 27 radians. If the expansion was isotropic in all space, 47 radians,
then the density dependance would be 1/r3.[25] The density model is thus:

nord
2

n(r,0) =

cos™f (3.60)

where n (r,0) is the density and angular dependant density, no is an initial density at some point ro, 7 is
the radial distance from the target, € is the angle from the centerline of the plume, and m is the forward
peaking factor.

By integrating Eq. 3.60 over r, 8, an expression for the quantity ngr? is derived:

1
2 m+ N

where N is the total number of particles, and A is the azimuthal plume thickness. Mayo, et al, give

A =5 cm.[32, 67] With Egs. 3.60 and 3.61, the total heavy particle density, including neutral atoms and
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Figure 3.6: Neutral atom density and ionization fraction as a function of laser energy.
ions, is:
1 .1
n(r,6) = n;ﬂ-_'_A Nﬁcosmﬁ (3.62)

The values of m for this experiment are found in previous work on this same experimental setup.[24] Total
number of particles have been calculated using Eq. 3.59. The ionization fraction may be calculated from

the total particle density and the ion density from the previous research:

fi= i (3.63)

where f; is the ionization fraction, n; is the ion density from previous research, and n (r,) is the total
particle density, Eq. 3.62.

Figure 3.6 shows the total heavy particle density and the ionization fraction as a function of energy over
the energy range used in this experiment. The heavy particle densities show a clear decrease with decreasing

laser energy. This behavior is expected as both the total number of emitted particles and the value of the
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forward peaking factor decrease with decreasing laser energy. The behavior of the ionization fraction with
laser energy shows an unexpected trend. Ionization fraction decreases with laser energy, at least over the
range of laser energies used. However, the relative decrease is not large, only between ~ 9 to ~ 5 percent. It

is clear that the plasma plume created in the laser ablation of graphite is largely composed of neutral atoms.

3.3.2 Energy Balance

An energy balance on the plasma plume provides an understanding of the transfer of energy between the
laser and the plasma. Mass loss data provides ionization fractions and total number of particles in the
plume. Flow speeds, ion densities, and electron temperatures are known from the previous work on the same
experiment.[24] The incident laser energy will be divided in to a number partitions within the plasma and
the target. The first of these is the kinetic energy of the different plasma species. This is expected to be the
most significant patrition of energy, as adiabatic expansion converts the initial plume thermal energy in to
kinetic energy. The second energy partition is plume thermal energy. Results show that the electrons have a
significant temperature as far away as 5 cm from the target. Third, laser energy may be lost to conduction of
thermal energy to the target. Fourth, the plasma may lose energy via radiation losses. Fifth, some amount of
the incident laser energy may be reflected. For metallic targets, such as aluminum, or silicon, which behaves
as a metal when liquid, reflection losses are significant.

The first energy partition is the kinetic energy of the plume constituents. Two important assumptions
are made for this part of the energy balance. First, the total number of particles emitted is a logarithmically
increasing function of laser energy. This assumption is used to extrapolate N, the total number of particles
emitted, for laser energies of 550 mJ and 700 m.J. Second, the neutral atom flow speed is taken to be equal
to the ion flow speed. Experimental results on similar experiments have shown this not necessarily to be
true. However, in the absence of such data on the present experiment, this assumption is made. Thus, the

total energy associated with flow for ions, electrons, and neutral atoms are as follows:

. 1 .
Effigw = 3 fiNmau (3.64)
e 1 2
Eflow = EfiNmeU,' (365)
1
Efow = B (1— fi) Nmgu? (3.66)

In Eqs. 3.64, 3.65, and 3.66, f; is the ionization fraction, N is the total number of particles, m; is the ion
mass, m, is the electron mass, and u; is the ion flow speed. In fact, the electron flow component is negligable.

This is due to the small electron mass.
ES 0w = Me Eiol” ~ 4.573 x 10_5Ei‘{” (3.67)
flow m; flow flow

Table 3.5 shows the results of the kinetic energy partition of the energy balance. Note that E; = %mzuf The

kinetic partition of the energy balance contains a significant amount of the incident laser energy. Due to the
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Table 3.5: Kinetic energy partition of the energy balance.

Ei (mJ) | Ei (V) | Nx10% | f; | Eign (mJ) | Ep,,, (mJ)
350 | 10827 | 5.676 | 0.0945 9.29 89.03
440 | 14953 | 9.689 | 0.0581 135 218.34
550 | 196.56 | 12.146 | 0.0449 |  17.15 364.83
700 | 281.91 | 15465 |0.0364 | 2539 672.2

low ionization fraction, the neutral atoms carry the dominant fraction of the plume kinetic energy. In the
700 mJ case, 97 percent of the energy is accounted for in the flow component alone. This is an indication
that the neutral atom flow speeds are less than the ion flow speeds, as the contribution from other partitions
of the energy balance will make this number greater than 100 percent.

The second energy partition is the thermal component of the plume. In the adiabatic expansion process,
thermal energy is converted to kinetic energy. Electron temperatures are the only experimentally known
temperature from the previous work on the same experiment.[24] Ion temperatures and neutral atom tem-
peratures have not been determined experimentally. An optical multichannel analyzer with sufficient small
resolution can detect doppler broadening, which leads to an estimate of the neutral atom or ion temperature.

The thermal energy of each component is as follows:

EX" = fiNET; (3.68)
Ef, = fiNkT, (3.69)
Ef, = (1~ fi) NkT, (3.70)

For the purposes of this estimate, the neutral atom and ionic thermal energies are set equal to the electron
thermal energy. However, it is likely that the ions and neutral atoms, after expanding, are cold. The low
electron-ion and electron-neutral collision frequencies permit electrons to maintain a larger thermal energy
while the ions and electrons are cold. By summing Eqgs. 3.68, 3.69, and 3.70, the thermal component of the
energy balance is determined and is shown in Table 3.6. Electron temperatures are for the 1 em Langmuir
probe position. The thermal energy component represents only a small component of the plume energy
balance. Thermal energy contributes 3 to 4 percent of the total incident laser energy at the 1 em Langmuir
probe position. This is consistent with adiabatic, as opposed to isothermal, expansion.

As stated previously, the third energy partition is conduction of thermal energy to the target. At the
plasma-solid interface, thermal energy is transferred to the solid. Thermal energy losses may be estimated
from the heat flux at the plasma-solid interface. Under this assumption the thermal energy lost by conduction,
E.onq, would be:

dr

Econg = kGAsTlaser% (371)

where k¢ is the thermal conductivity of graphite, A, is the spot size, Tjqser is the laser pulse length, and

T is the temperature. This could be calculated exactly if the heat flux from the plasma were known at
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Table 3.6: Thermal energy partition of the energy balance.

E; (mJ) | N x 10% fi kT, (eV) | Ew (mJ)
350 5.676 0.0945 10.12 10.06
440 9.689 0.0581 10.61 17.40
550 12.146 0.0449 11.21 22.76
700 15.465 0.0364 12.02 30.82

Table 3.7: Conducted energy partition of the energy balance.
E; (mJ) Azm Eoond

350 2.326 x 1077 | 65.94
440 3.285 x 107 | 46.68
550 3.971x 1077 | 38.62
700 4.313x 1077 | 35.56

the plasma-solid boundary, as well as the thermal properties of the solid at the evaporation temperature.
However, knowledge of the heat flux from the plasma requires a knowledge of the electron temperature at
the plasma-solid interface. For a simple order-of-magnitude estimate, let dz be the thickness of evaporated
material, and dT' ~ 3426.5 K, the vaporization temperature of graphite. The thermal conductivity of
graphite is taken to be the room temperature value, kg = 37.7 W/mK. Using a spot size of 0.04 cm?, and
evaporated thicknesses calculated from Eq. 3.6. It is not clear that the values in Table 3.7 are necessarily
correct. The larger laser energies have larger evaporated thicknesses. This makes the heat flux smaller, since
the same increase in temperature is over a larger area. As laser energy increases, the plume temperature
is expected to increase. The heat flux due the plasma at the solid-plasma interface should increase with
increasing electron temperature. Also, the plasma during the laser pulse must be very warm to produce the
observed ionization states, and thus the temperature differential larger. Without access to more detailed
data on the plume physics during the laser pulse, these values will be used in the energy balance.

The fourth partition of energy is energy which is radiated out of the plasma volume. Losses by radiation
are difficult to quantify. During the laser pulse, the plume is considered to be in local thermdynamic
equilibrium. This, it should radiate similar to a black body. Use of the temperatures in Table 3.1 will
yield radiation losses several times as large as the incident energy. However, this temperature listed is the
temperature at the end of the laser pulse, which means that time dependant data on the temperature is
necessary. Also, the plasma may not emit as a perfect black body, reducing the amount of energy lost from
the black-body value.

Eraa = €0 AT Tiq50; (3.72)

where € is emissivity, o is the Stefan-Boltzmann constant, 7" is the temperature, 7,5 is the laser pulse

length, and A is the laser spot area, neglecting the small thickness of the plasma plume during the pulse. If
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Table 3.8: Energy balance of the pulsed laser deposition plasma.

E (J) E}‘;gw (mJ) | Efip (mJ) | Etn (mJ) | Econa (mJ) | Eraa (mJ) | Evepr (mJ) | Etor (mJ)
0.35 9.29 89.03 10.06 65.94 80.76 94.5 349.58
0.44 15.6 216.21 17.55 46.68 97.57 118.8 512.41
0.55 22.61 359.37 23.07 38.62 121.59 148.5 713.76
0.70 39.48 658.08 31.43 35.56 160.72 189 1114.27

the plasma is not a perfect black body, then € < 1. Furthermore, for the adiabatic assumption to be true,
radiation losses must not be significant after the laser pulse ceases. It has been showns that line radiation
represents a very small fraction of the total laser energy, less than one percent.[78] As an order of magnitude
estimate, let the average plume temperature be half the experimental electron temperature and to account
for the effects of time dependant temperatures, which will be small until the electron population becomes
siginificantly large, and of deviations from the black body approximation. The energy loss is shown in the
complete energy balance, Table 3.8.

Finally, the fifth partition of energy considered is that laser light which is reflected from the target.
Metallic elements will reflect a significant fraction of incident light. For example, aluminum has a reflectivity
of 97 percent. Carbon in graphite form has a reflectivity of 27 percent. Coupling the 27 percent reflection
loss, the final energy partition is shown below in Table 3.8.

Clearly, this energy balance is incorrect. The ion and neutral atom temperatures are unknown in this
research. There is uncertianty in the proper method to treat radiation and conduction losses. Neutral atom
particle flow speeds are less than the ions, although they are still of the same order of magnitude.[75] The
results of Claeyssens, et al, indicate that the ion slow speed is approximately three times a great as the
neutral atom flow speed.[75] Lade and Ashfold suggest that the neutral atom flow speed is half that of the
ion flow speed in 193 nm laser ablation of graphite. A neutral atom flow speed of half to a third of the ion
speed would bring the net energy balance to physical values.

The important result from the energy balance is that the dominant partition of incident laser energy is
in kinetic energy. Thermal energy reprents a small fraction, although it is still significant. Excitation and
ionization within the plume is a function of the thermal energy. However, the majority of the excited and
ionized species must form in the early stages of plume formation when densities are sufficiently large so that
electron-ion and electron-neutral collisions are likely. Neutral atoms carry the majority of the incident laser
energy. This is not suprising, given the small ionization fraction of the laser produced plasma. Neutral atoms

must play a significant role in film formation. This idea will be developed in detail in the next chapter.
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Table 3.9: Sheath potentials at a substrate 4 ¢m from the target as a function of laser energy.

E (mJ) | u(m/s) | Te (eV) | & (V)
350 41705 5.887 | —18.24
440 49011 6.1544 | —18.28
350 56192 6.4218 | —18.38
700 67295 6.8230 | —18.59

3.4 Plume-Substrate Interaction

Plume substrate interaction is typically not discussed in the modelling of laser ablation plasmas. However,
it is quite relevant to the discussion of film growth and formation. A simple model of sheath formation and
plume substrate interaction is proposed. In order to understand how the incident ions will interact with the
substrate, it is necessary to understand sheath formation.

The first step is to calculate the potential of the substrate. In an arbitrary PLD system, the substrate
may be biased via a voltage supply. For this research, there was no biasing of the substrate. The silicon
substrate, which is backed by a metal plate, and then a ceramic holder, cannot conduct a net current. Thus,
it is assumed that the substrate is at the floating potential. This potential is estimated as follows.

At the floating potential, the ion and electron currents are equal. The electron current is given by:

ie = JeAe = eneoUin e Acexp (;;3 > (3.73)

In general, the floating potential is less than the plasma potential, so ¢ = ¢piasma — Psubs. < 0. Thus,
electrons are repelled by the substrate and the electron flux is reduced. Assuming the sheath potential does

not significantly perturb the incident ion speed, the ion current to the substrate is:

kT,
ii = JeAe = eni00.61 € + en,-ouAJ_ (374)

(3

In this case, the area perpindicular to the flow A, is identical to the total ion collection area A, which is
equal to the total electron collection area A.. By setting Eqs. 3.73 and 3.74 equal, an expression for the

potential ¢ is derived:

(3.75)

.61 ohm
gﬁ:kTeln(OGUbh + u>

Uth,e Uth,e
The plasma potential may be arbitrarily set to zero, assuming quasineutrality in the bulk plasma. With this
assumption, Eq. 3.75 is the sheath potential.

The substrate potential becomes less negative as the flow speed increases, or the electron thermal speed
decreases. If the flow speed increases, the potential must become less negative to compensate for the increase
in ion flux. Similarly, if the thermal speed of the electrons decreases, then the potential must become less
negative to compensate for the decrease in the electron flux. As the electron temperature is a function of

position within the plasma, the sheath potential will change with substrate location.
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Sheath potentials as a function of laser energy are shown in Table 3.9. The electron temperature is
calculated from the average of the 3 ¢m and 5 c¢m data. There is only a difference of a few tenths of
an eV between these positions. Given that flow speeds and temperatures are not better than ten percent
accurate,[24], these sheath potentials are essentially identical for the laser energies used. Ions traveling
through this sheath will gain ~ 18 eV of energy. This increases further the ion speed from the neutral atom
flow speed.

When the incident flux of particles interacts with the substrate, it may sputter off some of the already
deposited material. The sputtering yield is calculated using an empirical model from Nastasi, Mayer, and

Hirvonen.[81] It is calculated with the following formula:

0420,Q.5, (B) B\ 2\
Y(E) = Up (14 0.35U0 S, (¢)) (1 B <F> ) (3.76)

where Y (E) is the sputtering yield for ions of energy E. The parameters Uy and @, are equal to 7.37 eV
and 2.69 eV, respectively. Ey, is given by:

N\ U,
Ey, = <§> 70 (3.77)
The parameter 7 is defined as:
_ MM, (3.78)
(My + My)* '

where M; and M, are the mass of the incident ion and the target, respectively. The function «; is an

experimentally determined function, given by:

M,

ay = 0.10 4 0.155 (Mo /M1)*™ + 0.0015* (3.79)
1
In Eq. 3.76, the reduced energy ¢, is given by:
0.03255 M,
= E .
€ Ry (3.80)

71 7 (Z'f/3 + Z§/3)

where FE is the energy in eV, Z; is the incident ion atomic number, and Z5 is the target atom atomic number.

The electronic stopping cross section, S, (€) is simply:
S, (€) = ke*/? (3.81)

with the constant k£ given by:
L 42 (1 My M)
3/4

126 (217 + 257)

(3.82)
My?

The nuclear stopping cross section, Sy, (E) is given in terms of the reduced energy as S, (E) = K,,S,,(€). The

parameter K, is given by:
_ 8.4787Z1Z> M,
K, = iy 2\ 172 My 1 0, (3.83)
(@0 2°)
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Table 3.10: Sputtering yield and sputtered flux as a function of laser energy. Note that the density indicated

is at 4 cm from the target.

E (mJ) | E;i (eV) | ni(m™®) | ¢ (m™?s7") | Y(E) | Ts (m™>s™")
350 108.27 | 1.01 x 10** | 4.21 x 10*® | 0.0386 | 1.62 x 10?2
440 149.53 | 1.30 x 101 | 6.37 x 10?* | 0.0764 | 4.85 x 10*?
550 196.56 | 1.70 x 10! | 9.55 x 10%* | 0.118 1.12 x 10%
700 281.91 | 2.27 x 101 | 1.53 x 10** | 0.182 2.77 x 10%3

The nuclear stopping cross section in terms of the reduced energy is:

_ 3.441€Y/2 In (e + 2.718)
1+ 6.355¢1/2 + ¢ (6.882€'/2 — 1.708)

Sn (€) (3.84)

The set of equations describing sputtering is best calculated with a computer program. For the incident

ion energies, the sputtered flux is calculated from the sputtering yield by:
s =Y(E)n;(E)v(E) (3.85)

where I'g is the sputtered flux, Y (E) is the sputtering yield, n;(E) is the density, and v(E) is the speed of
ions with energy E. The ion density must be that at 4 em from the target, as this is the location of the
substrate. This is calculated using the inverse square model as discussed in the mass loss and energy balance
discussion. The results of the sputtering yield and flux analysis are shown in Table 3.10. Incident ion flux,
¢; is also shown for comparison.

The calculated sputtering fractions agree with those determined computationally.[82] There exists the
possibility of sputtered atoms becoming redeposited. Even if the sputtered atoms are ionized, they will
gain a maximum energy equal to the sheath potential. The collision cross section with plume atoms will be
small as discussed in the Collisions subsection of the Langmuir probe section. These low energy atoms will
preferentially form sp? coordination. However, the probability of ionization is small, as the ion-ion collision
frequency is approximately identical to the electron-electron collision frequency. Those sputtered atoms
which remain neutral will also not likely be backscattered by the incident plume, given the small ion-neutral

and neutral-neutral collision frequencies, and large collision mean free paths.
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Chapter 4

Growth of Diamond-like Carbon Films

The mechanisms by which diamond-like carbon films grow have not been completely determined. Several
attempts have been made to describe and model film formation. These models include kinetic energy and
thermal quench models,[83] molecular dynamics simulations,[84] and the subplantation model.[82, 85] The
first section of this chapter will discuss the these models of diamond-like carbon film growth. While these
models are important for understanding the growth of diamond-like carbon films, they do not consider all of
the constituents in the plasma and their effects on film growth. The second section of this chapter discusses
an energy barrier deposition model for diamond-like carbon films as a function of plasma parameters. In
the third section of this chapter, experimental results are presented and interpreted in terms of the energy

barrier model.

4.1 Current Diamond-like Carbon Models

4.1.1 Cuomo’s Model

One of the earliest models of diamond-like carbon film growth is due to Cuomo, et al.[83] The incident ion
kinetic energy and the removal of excess heat, the thermal quench, are key to their model. Ions with a
sufficient kinetic energy will form sp3 coordinated sites, whereas low kinetic energy carbon atoms will form
sp? sites in a graphitic structure. In this model, the kinetic energy of the incident ion drives a change in
geometry from graphite to diamond structure. The detials of the processes by which kinetic energy controls
sp® fraction are not discussed. Once an sp> site has been formed, the excess energy must be removed
sufficiently rapidly, because the sp® coordination is metastable. If thermal energy cannot be removed in a
sufficiently small time, then sp® coordinated sites which have formed will revert to sp? coordination.

In their pulsed laser deposition data, there is not a significant change in the sp® fraction of DLC films
deposited on substrates with different thermal diffusivities. A reduction in the substrate temperature caused
a slight decrease in the sp® fraction for DLC films deposited by PLD, whereas the sp?® fraction for DLC films

deposited via ion beam sputtering increased. The most significant increase was seen for NaCl substrates,
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although the thermal conductivity of NaCl does not change dramatically between room temperature and
77 K. Later work by Chhowalla, et al, showed that the sp® fraction of DLC did not change with deposition
temperature until & 250 C.[3] While it may be important to rapidly remove heat locally, the thermodynamic
properties of the substrate do no appear to play a role in the deposition of diamond-like carbon. Substrate
temperature becomes important if local temperature remains high enough to promote the transition of sp?

sites to sp? sites.

4.1.2 Molecular Dynamics

Molecular dynamics(MD) simulations are a more accurate means of analyzing the growth of DLC films.
[18, 86, 84, 87, 88, 89] In these methods, an ensemble of carbon atoms is heated to liquid at 5000 K
and then cooled to room temperature in a time scale of the order of picoseconds. Atomic bonding and
dynamics of these atoms are followed using classical mechanics calculations. The number of atoms which
may be simulated is limited by available computational power. Recent results have used 640 carbon atoms
in the simulation of the deposition of diamond-like carbon.[86] Cooper, et al, attempted a simulation of
deposition of DLC on diamond with 100 eV carbon atoms.[86] They were able to reproduce experimental
results suggesting that the surface layers of DLC films are mostly sp? coordinated.[90] The computational
results of Marks, et al,[18] show an increase in sp® fraction with shorter cooling times, in agreement with the
conclusions of Cuomo’s model, in that thermal energy must be removed rapidly to preserve the metastable
sp® coordination. Film density must be supplied a priori and these models tend to underestimate the sp?
fractions found experimentally.[84] They do, however, show the experimentally observed increase in film
density with increasing sp® fraction.[84] It should be noted that carbon does not form a liquid unless under
extreme pressure. These models assume that a thermal spike created by the incident ion induces a small,
liquid region in the film.[91] Computational power is improving, and as many as 10,000 atoms or more may

be used in MD simulations.[92]

4.1.3 Subplantation

A third model of DLC formation is the subplantation model, which is mostly due to Lifshitz. [1, 82, 22] The
model posits that film growth occurs not on the surface, but a few layers beneath the surface, dependent
on the ion and substrate properties. Lifshitz summarizes the processes as follows: carbon atoms penetrate
the surface layer, incorporate themselves in to the existing diamond-like carbon matrix, and increase stress
locally within the film. He postulates that it is this increased stress which drives formation of the sp® phase.
It is not clear, however, why increasing ion kinetic energy would act to increase the local stresses and increase
the sp? fraction.

The subplantation deposition model of Lifshitz is placed on a quantitative basis by Robertson.[85, 93]
He calculates an expected increase in density in the first few monolayers of an already deposited film from

an incident carbon ion flux. Then, using known experimental relation between density and sp® fraction,
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the sp?® fraction is calculated from the density increase via interpolation. His explanation for the physical

mechanism behind this is:[85]

In the highly energetic conditions of ion bombardment, atomic hybridizations are expected to
adjust readily to the local density, becoming more sp? if the density is low and more sp? if the

density is high.

Film density does not always increase as a result of ion implantation. This model must assume that the
surface is infinitely rigid, so that there will be no deformation of the surface layers to accomodate stress.
Furthermore, the adjustment of bonding to density is an equilibrium thermodynamic process. This neglects
the non-equilibrium nature of ion deposition processes, and the necessity to surpass the activation energy
between the sp® and sp? states.

For the deposition of diamond in CVD type systems, the preferential displacement of graphite is necessary
in his model. However, in diamond-like carbon, the displacement energies of sp® and sp? coordinated carbon
should be similar, as the reduced displacement energy of carbon in graphite is due to the weak Van der Waals
bonding between graphite planes. In fact, the in-plane bond strength of sp? coordinated carbon is stronger
than the bonding found in sp® coordinated carbon. There are, however, three o bonds for sp? coordinated
carbon and four o bonds for sp? coordinated carbon. Thus, it is expected that the displacement energy for

the sp? components of diamond-like carbon films to be slightly less than that of the sp? component.

4.2 Energy Barrier Deposition Model

Each of the previously discussed models provides insight in to the formation of diamond-like carbon films.
These models do not, however, discuss the importance of different plasma parameters in detail. They state
the importance of ion kinetic energy, but do not describe by what means ion kinetic energy is a factor in
the formation of sp® coordination states in diamond-like carbon. The energy barrier model discussed in
this section is an extension of the previous models, accounting for the different plasma constituents and the
means by which sp® coordination is related to these parameters.

First, consider the mechanism by which the carbon atoms achieve three and four-fold coordination. Given
the ground state of carbon 152222p?, it might be expected that carbon will form only two bonds via its two 2p

electrons. However, this limitation is overcome by electron excitation and orbital hybridization. Excitation

occurs when a 2s electron is excited to an empty 2p state.
15*25%2p® — 15*282p,p,p. (4.1)

Three and four-fold coordination is acheived by hybriziation of the one 2s electron and the three 2p electrons.

In order for four-fold coordination to occur, further excitation is necessary.[94]

15*252p*3Dy — 15*252p*3 P, (4.2)
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Figure 4.1: Free energy diagram describing the processes involved in formation of sp? coordination.

At sufficiently high temperatures and pressures, this reaction becomes thermodynamically favorable.
However, under typical deposition conditions, some amount of energy must be supplied to drive this reac-
tion. This is shown in Fig. 4.1. The net energy difference at room temperature is only 2.9 kJ/mol =
0.0301 eV/atom between the sp? and sp® states.[95] As shown in Fig. 4.1, the energy that must be supplied
to drive the sp? — sp? reaction is large, 7.5556 eV /atom. Thus, during ion-solid interaction, approximately
8 eV/atom must be supplied to form sp? coordination. However, if the transferred energy is close to the
damage energy, existing sp® sites will be converted into graphitic sp? sites.

In pulsed laser deposition, this energy is supplied through laser-solid interactions. A large amount of
laser energy is deposited in to a small volume on the target material, in this carbon, which creates a plasma
plume with highly energetic species. A dense, isothermal plasma is created at the surface of the target. It
expands adiabatically, converting thermal energy into kinetic energy.[96, 24] After expansion, the energetic
neutral atoms and ions within the plasma plume form diamond-like carbon films as they interact with the
substrate. The neutral atoms at ions may be in excited states due to interaction with electrons and photons
within the plume. In pure ion beam techniques, such as mass selected ion beam deposition, only ions are
incident upon the substrate. These nonequilibrium growth techniques permit the creation of non-equilibrium
structures as their associated energies per atom are significantly greater than the thermal energy of the film.

The energy of the intial laser pulse is present in the plasma plume as the kinetic energy of the plume
constituents and the electronic excitation of the various species within the plume. Electronic excitation
occurs by electron and photon interaction with the plume species. It is the electronic excitation of the
incident species which helps drive the reaction in Eqs. 4.1. and 4.2. For ionized species, recombination
during interaction with the target is a second source of electronic excitation. Recombination at the surface

will not necessarily be to the ground energy state, depending on the neutralization mechanism. For neutral
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atoms, excitation is due to electron-neutral collisions. During the inital stages of the plume, photon driven
excitation may occur provided the density of neutral atoms is sufficiently high.

Incident ions will recombine and become neutral atoms within a monolayer of the surface by capturing a
film or substrate electron. This can occur by radiative capture, Auger recombination, or resonance tunneling.
In radiative capture, the incident in captures a film electron in the ground state. Given the long radiative
state lifetimes, this process is not important.[97] Resonance recombination occurs when a film electron tunnels
to the incident ion. This process is degenerate in energy. Thus, in resonance recombination of a film electron
from a w or o orbital to an incident carbon ion, the now neutral ion will be left in an excited state with
electron excitation energy equivalent to the energy of the 7 or ¢ orbital from which it was captured. Auger
recombination is similar to radiative recombination in that a film electron is captured by the incident ion
in the ground state, however, rather than photon emission occuring, a film electron is excited.[97] A simple
estimate of the capture cross section is given in the Bohr-Lindhard model as:

3
e~ a2 Z2 2L <1> (4.3)
Up

where v is the incident ion speed, vj is the Bohr velocity, 2.188x 106 m/s, aj is the Bohr radius, 0.0529 nm, Z;
is the incident ion atom number, and Zs is the film atomic number. For a typical ion speed of 5x 10* m/s,[24],
the capture cross section is . &~ 4.8 x 10* nm?. Using an assumed density of 3 g/em?, typical for diamond-
like carbon, the mean free path for electron capture is ~ 1.4 x 10~7 nm. Any ion created in typical pulsed
laser deposition conditions will be neutralized within the first monolayer. After neutralization, the atom
may be left in an excited state. Thus, ions and excited neutrals within the plume are indistinguishable once
they have begun to interact with the substrate or previously deposited film.

In order to create the sp® coordination and form a o bond, the incident, excited atoms may:
I ) Diffuse to another incident, excited atom within the film

IT ) Attach to an sp® coordinated film atom and form a ¢ bond

IIT ) Attach to an sp? coordinated film atom and form a o bond

IV ) Excite an already deposited film atom from sp? coordination to sp® coordination.

These processes are determined by the range of the incident atoms in the film. The range of the incident
atom is controlled by the manner in which it interacts and loses its kinetic energy to the film atoms. As the
incident atom interacts with either the substrate or the previously deposited atoms, its kinetic energy is lost
via nuclear and electronic stopping. Briefly, electronic stopping is due to excitation of the film electronic
structure through Coulumbic interactions and nuclear stopping is due to collisions with the nuclei of the
deposited atoms. Given that the incident ions are rapidly neutralized, nuclear stopping is dominant.

The range of the incident atoms controls two parameters. The first is the number of opportunities that

the incident atoms has to exchange electronic excitation. If the range is too large, then there will be a
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sufficient amount of collisions such that the incident, excited, atom will lost its electronic excitation. The
second is the probability that two incident, excited atoms will interact and form an sp? dimer. Excitation

energy is transfered in a manner similar to excitation energy transfer in gases and plasmas:
X'+4Y > X" +Y" (4.4)

In the interaction, the incident excited atom X* collides with film atom Y, which is in an unexcited state.
After the collision, the incident atom is de-excited to state X **. It is possible that the incident atom loses
its excitation energy entirely. The film atom is left in an excited state Y* with energy equal to the amount
lost by the incident atom X. Collisional excitation due to the kinetic energy of an incident atom is small,
of the order of m./m; where m; is the incident atom mass. The cross section for the excitation exchange
process described in Eq. 4.4 decreases with increasing incident atom (atom X for this case) kinetic energy.|]
Thus, atoms with a larger incident kinetic energy will have a smaller probaility of losing excitation energy
during a collision.

An estimate of range derived from experimental data is given in the book by Nastasti, Mayer, and

Hirnoven.[81] The reduced(dimensionless) range, p is given by a power law expression:

1—-m ,,
= 4.5
P= € (4.5)

where m and A, are fitting parameters, and € is the reduced energy. The fitting parameters are taken to be

m =1/3 and A, = 1.309, as are appropriate for low incident energies. The reduced energy, € is given by:

__ M arg
M1 + M2 212262

€ (4.6)

where M is the incident atom mass, M is the film atom mass, app is the Thomas-Fermi screening distance,
ao is the Bohr radius, Z; is the incident atom atomic number, Z5 is the film atom atomic number, e is
1.44 eVnm and FE is the incident atom kinetic energy. The Thomas-Fermi screening distance is:
a
arr = 0.885—— (4.7)

723

The true range is found from Eqs. 4.5 — 4.7 using the relation:

My My

p = RN4nak,————=2
TF (Ml + M2)2

(4.8)

where N is the film density in nm 2 and R is the true range. An expression for the true range is thus
derived from Eq. 4.8, with the appropriate values for carbon. The true range in a carbon film with density
3.0 g/em? is:

R~ 2.43€6*/* nm (4.9)

Table 4.1 shows the ranges of the incident carbon ions used in this experiment. If one monolayer is

taken to be 1.54A4, the atomic separation distance in diamond, then the incident atom ranges are only a few
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Table 4.1: Atomic range in diamond-like carbon for the ion kinetic energies used in the experiment.
E@V)| e |R(A)
108.27 | 0.03 | 2.35
149.53 | 0.041 | 2.89
196.56 | 0.054 | 3.47
281.91 | 0.078 | 4.44

monolayers. At these energies, the growth occurs beneath the surface. For the carbon ion energies used in
this research, the number of collisions that the incident atom will undergo is no greater than four.
One conceivable mechanism of sp? formation is the diffusion of incident, excited, atoms to form sp®

dimers (process I as stated earlier). The flux of incident atoms is given by:
F'=nv (4.10)

where n is the incident atom density and v is the incident atom speed. As necessary, but not sufficient
condition, the flux should be sufficiently large such that there should are at least two incident atoms within
an area with a radius equal to the atomic range within the time it takes to slow down and capture the
incident atom. Ion beam techniques have fluxes of the order of 10?2 m~2s1.[1] From the previous chapter,
the incident ion flux is of the order of 10?2 — 102* m~2s~! The range of the incident carbon atoms is no
greater that 0.5 nm for incident atom energies of interest. For ion beam techniques, there are thus 7.85 x 103
atoms within an area with radius equal to the range arriving per second on the film surface. The time scale
of stopping within the diamond-like carbon film is ~ 1073 s.[1] Thus, there are 7.85 x 107!% atoms which
arrive within the incorporation time with an area swept out by the incident atom range. Even though the
fluxes present in laser ablation are two to three orders of magnitude greater, this process is highly unlikely.
Such proceses may occur on the surface where diffusion lengths and times scales are much larger.
Processes, II and III from the earlier list, involve the slowing down and capture of the incident atom
in sp® coordination by the film atoms. The film atoms remain unchanged in processes II and III, where
the incident atom slows, is captured in sp* coordination, and forms a sigma bond with either sp? or sp®
coordinated film atoms. It is important that the incident atom not undergo too many collisions, or it will lose
its excitation energy. When the incident atoms slows sufficiently that it may be captured, the probability p

of it being captured in sp* coordination is:

(4.11)

_AG2~>3
E*

pzewp(

where E* is the excitation energy of the incident atom, AG»_,3 is the free energy required for the sp? — sp®
transition, 7.5556 eV /atom, and kT is the local temperature. If there are N incident atoms, then number

number of atoms which will be captured in sp* coordination:

7_AG2*3> (4.12)

Nexp < oL

38



The reverse reaction, that is, the reversion of those incident atoms from sp® to sp? coordination is:

Nvpezp <%> exp (%) (4.13)

If the excitation energy is greater than the free energy of formation, AG2_,3, then Eq. 4.11 indicates a
probability of sp?® fraction formation of greater than 100 percent. In this case, process IV from the earlier
list will occur. Processes IV involves the creation of an sp® coordinated atom from both the incident atom
and a film atom. The incident atom has a sufficient amount of excitation energy excite the electronic
structure of a film atom while remaining electronically excited itself. This can drive a film atom from sp?
to sp® coordination. Thus, from one incident atom, two sp® coordinated atoms are formed. However, if
the incident atom interacts with an already sp® coordinated atom, it can cause it to revert to the sp?
coordination. The probability for process IV to occur and produce two sp® coordinated sites is:

—AG253 > ( —AG253 )
PR exp <7* x exp | ———" (4.14)
E; E;

where E7 is the excitation energy available to the film atom and E} is the energy available to the incident
atom. Thus, the excitation energy acts to reduce the effective barrier between sp? and sp® coordination.
If the excitation energy is increased, the sp3 fraction of the film will increase. The local temperature must
not be allowed to rise too significantly, or the reverse sp® — sp? reaction may become favorable. The rapid
removal of thermal energy is therefore important, as indicated in the previously discussed models.

The speed of the incident atom controlls how much of the initial excitation energy is lost through collisions
with film atoms. As the speed of the incident atom increases, its range increases, and thus the number of
collisions which it will experience with film atoms. In order to explain the increase in sp® fraction with

increasing ion kinetic energy, the following is proposed:

I The cross section for electron capture by an incident ion to an excited state increases with

increasing ion kinetic energy.

II The cross section for exchange of excitation energy increases as atom speed decreases in collisions

of incident atoms with atoms in a solid.

The result of postulate I is that as the incident ion kinetic energy increases, the fraction of incident ions
which are neutralized to excited atomic states increases. The result of postulate II is that incident atoms at
slow speed will lose more of their excitation than those at higher speeds. Even though incident atoms with
higher kinetic energies will have a larger range, they will have a lower probability of losing their excitation
energy before capture. Eventually, the range will become sufficiently long that the decrease in excitation
cross section is compensated for by the number of collisions.

The fraction of the incident ion or neutral kinetic energy which is not lost to electronic stopping is the
damage energy. Damage energy is important in diamond-like carbon formation as displacements will cause

reduction in the sp® fraction. Also, displacements and bond breaking permit relaxation of stress within
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the film. The displacement energy of diamond is 80 eV, whereas the displacement energy for graphite is
25 eV .[82] This relatively low displacement energy for graphite is a result of the weak Van der Waals bonds
between planes. In amorphous carbon, there is no such ordering of carbon atoms. Thus, the displacement
energy of amorphous carbon is assumed to be similar to that of diamond. An estimate of the number of

displacements is found from the incident kinetic energy Ey and the damage energy E;:[98]
0.8Ep
Ny~ 4.1
7 2By (4.15)

At 200 eV the number of displacements per incident atom reaches 1. Further increases in ion kinetic energy

may not lead to increases in sp® fraction due to the breaking of sp® bonds. Thus, more sp® bonds will be
broken than are created. The breaking of sp? bonds will not lead to reduction in sp® fraction, although it can
lead to stress reduction. Given the Eq. 4.15 is approximate, it is expected that at energies approximately
equal to 200 eV, the sp® fraction of diamond-like carbon films will decrease. This is seen in the work of
Prawer, et al., with an ion beam source.[62]

The different processes of creation of sp® coordinated carbon atoms must balance the processes which
form sp? coordinated carbon or revert sp® coordinated carbon atoms to sp? coordination. Displacement of
carbon atoms from their sites acts to reduce the sp? fraction.

It should be noted that the neutral carbon atoms within the plume travel slower than the ions. During
the expansion process, both hydrodynamic and electrostatic forces act on the ions. However, the neutrals
are only influenced by hydrodynamic forces. This effect has been observed experimentally. Diamant, et al.,
found that the velocity of C*+ was greater than the velocity of singly ionized carbon, CT, which was in
turn greater than the neutral carbon C° velocity.[37] Claeyssens, et al, found similar results. They observed
a carbon ion flow speed of 41.2 km/s and a flow speed for neutral carbon atoms of 16.0 km/s.[75] The speed
and fraction of neutral carbon atoms within the plume are thus important for film growth.

In laser plasmas which show a significant concentration of C, molecules, it has been observed that the sp?
fraction is low. This effect is due to both the physics of molecular interaction with solids and with the types
of plasmas that form Cs molecules in appreciable concentrations. Strong evidence of Cy formation is found
only in plasmas created from low laser energy density. At low laser energy densities, the ions and neutrals
have slow speeds not optimum for forming a large concentration of sp? coordinated carbon. Given their
higher mass than single carbon atoms, Cs molecules travel slower than the bulk of the plume. Furthermore,
upon interaction with the first monolayer, the C> molecule will dissociate. If a C> molecule had an incident
energy of 100 eV, it will dissociate in to two carbon atoms each with a kinetic energy of 50 eV,

The energy barrier model is summarized as follows: The laser ablation of carbon produces neutral carbon
atoms and ions. These ions and neutral atoms posses both large kinetic energy and excitation energy. Ions
recombine within a monoloayer, potentially to an excited electronic state. Electron excitation energy drives
the conversion of sp? coordinated carbon atoms to sp® coordinated carbon atoms, as it effectively reduces
the energy barrier needed to drive the sp? — sp® reaction. The exchange of the electronic energy and kinetic

energy affect the sp® fraction of the diamond-like carbon film. As the excitation energy exchange cross section
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Table 4.2: Fit parameters determined from Raman spectra for different laser energy densities.

E; (J/em?) | E; (€V) | wmaz (em™1) Q r
1.6 108.27 1536.04 —2.66 | 296.5
2.0 149.53 1541.11 —2.77 | 280.8
2.5 196.56 1550.76 —-3.37 | 275.8
3.2 281.91 1582.38 —15.82 | 295.8

increases as kinetic energy decreases, slow atoms will lose thier excitation energy and preferentially enter
sp? coordination. As kinetic energy increases, less excitation energy will be lost, and thus, more carbon
atoms will enter sp> coordination. However, the kinetic energy of the ions and neutral atoms cannot be
increased indefinitely. Two factors will act to decrease the sp? fraction. First, damage increases as the ion
and neutral atom kinetic energy increases. Second, increasing the kinetic energy increases the range. Thus,

more collisions will occur in which excitation energy may be exchanged.

4.3 Results of Diamond-like Carbon Deposition at Varying Plasma
Conditions

A set of undoped diamond-like carbon films is deposited on Silicon 100 substrates at different plasma con-
ditions as described in Section 2.1. The laser energy densities were 1.6 J/cm?, 2.0 J/em?, 2.5 J/em?, and
3.2 J/em?. The ordering of the sp? phase is determined by visible Raman spectroscopy. From the Raman
data, the sp?® fraction is estimated. Electron energy loss spectroscopy(EELS) is performed to directly de-
termine the sp? fraction within the DLC films. Film density is also estimated from the EELS data. In this
section, the visible Raman spectroscopy and electron energy-loss spectroscopy results are presented. These

results are then discussed in terms of the energy barrier deposition model.

4.3.1 Raman Spectroscopy

Visible Raman spectra were taken on the diamond-like carbon films as described in Section 2.3. In each
case, the G peak is fit with the Breit-Wigner-Fano(BWF) lineshape, given by Eq. 2.7. A plot of the Raman
data and their fits are shown in Fig. 4.2. In some of the Raman spectra, a peak near 1555 cm™! is visible.
This is due to atmospheric oxygen. For each laser energy density, the BWF function is an excellent fit for
the G peak. The residuals show no Raman D peak present. Therefore, since I(D)/I(G) = 0, the sp? phase
within the DLC films is ordered in to chains, rather than in hexagonal rings to within the detection limits
of the experiment.

The results of the BWF fit to the visible Raman G peak data are shown in Table 4.2. It shows the ion

kinetic energy at the given laser energy density, wy,q. as calculated by Eq. 2.8, the skewness parameter @,
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Figure 4.2: Raman spectra of ¢t — aC films deposited at different laser energy densities. These different laser

energy densities correspond to the kinetic energies of the Carbon ions within the plume.

and the full width at half maximum I'. The value of the peak skewness, () increases with increasing laser
energy density. At the largest laser energy density, 3.2 J/cm?, the value of ) is large and negative. From
the data of Prawer, et al.[62] and Gilkes, et al.,[20], the sp? fraction for this film is &~ 80 percent. For values
of @ < 10, however, () is not a strong function of the sp* fraction.[20] Thus, for those films with @ =~ 3,
the sp® fraction is estimated to be between 10 and 50 percent. From the theory of Ferrari and Robertson,
the full width at half maximum of the G peak, T, is expected to decrease with increasing sp® fraction as the
distribtion of sp? chain sizes becomes narrow.[2]

The G peak position, wyee is used as a more quantiative estimate of the sp® fraction than either the
peak skewness or the full width at half maximum. It is seen to disperse to higher wavenumbers as the sp?
fraction increases.[2, 62, 20, 15] Ferrari and Robertson present a set of wy,q. versus sp® fraction data from
which estimation of the sp? fraction can be made. Data from the current work is also included, with the

sp? fractions calculated from EELS results. This is shown in Fig. 4.3. Data from Ferrari and Robertson are
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Figure 4.3: G peak position versus sp® fraction. Data is from Ferrari and Robertson, Phys. Rev. B 61

2000) p. 14095 and from current work. A non-linear fit used for estimation of sp? fraction is shown.
( P P

shown with the + symbol and data from the current work shown by A. There is no a priori reason for using
any particular fit to the data. It is found, however, that a linear fit yields impossible sp? fractions of greater
than 100 percent. From the shape of Fig. 4.3, the G peak position increases linearly with sp® fraction until
approximately 65 percent. After this, there is an exponential type increase. Thus, the relation between the

G peak position and the sp® fraction is assumed to be of the form:
G =af + b+ cxexp(df) (4.16)

The exponential fit in Eq. 4.16 fits the data reasonably well. Ferrari and Robertson attribute the disper-
sion of the G peak to higher wavenumbers with increasing sp® fraction as due the change in microstructure
from hexagonal rings to chains. Hexagonal sp? chains have higher vibrational frequencies than sp® rings.[2]
However, the Raman fits shown no indication of the sp? phase ordering in to rings, as there was no discernable

D peak in any case.

63



T T T T T T T T T

1.6 J/iem
r=1 2.0J/cm
= = 25J/cm
- 3.2J/cm” H

2
2
2
2

Intensity (arb. units)
o
(o]
T

0.4
0.2
i
|
0 . = I I I I I I I I
0 5 10 15 20 25 30 35 40 45 50

Raman Shift (cm™2)

Figure 4.4: Low-loss spectra of ¢t — aC films deposited at different laser energy densities. These different

laser energy densities correspond to the kinetic energies of the carbon ions within the plume.

4.3.2 Electron Energy Loss Spectroscopy
Low Loss

Electron energy loss spectra in the low-loss region are shown in Fig. 4.4. A prominent plasmon peak between
25 eV and 35 eV is seen for films deposited at each laser energy density. In order to determine the plasmon
energy, the peaks are fit using Eq. 2.2. In the case of the 2.5 J/em? deposition, there is a small silicon
plasmon peak at approximately 18 eV due to incomplete removal of silcon during chemical polishing. The
silicon plasmon peak is fit to Eq. 4.5 as well. No silicon K-edge was found in the EELS spectrum, indicating
that a significant amount of silicon was not present. The results of the plasmon energy, and subsequently the
density of deposited film, are shown in Fig. 4.5. Film density increases with increasing laser energy density.

A second interesting feature is seen in the low-loss spectra. There is a peak separate from the plasmon

peak for those films deposited at 1.6 J/cm?, 2.0 J/cm? and 2.5 J/cm? located at &~ 5 eV. This feature
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Figure 4.5: Plasmon energy and estimated film density as a function of laser energy density.

is not due to a surface plasmon. Rather, this feature is due to bonding-antibonding transitions. Incident
electrons may lose energy by exciting a valence electron to an antibonding state. In diamond-like carbon,
the possible transitions are 7 = 7", 7 = ¢*,0 — 7%, and ¢ = ¢*. The 0 — ¢* excitation has an energy

between 10 eV and 13 eV.[9]

High Loss

As-deposited diamond-like carbon films are prepared through the chemical polishing technique as described
in the experimental section. Single-scattering spectra are deconvolved from the raw spectrum using Fourier-
log deconvolution. The carbon K-edge single scattering spectra of the deposited, undoped, diamond-like
carbon films are shown in Fig. 4.6.

The 7* and o*feature from transitions from the 1s state the the 7* and o* antibonding states, respectively,
are clearly visible. As the laser energy density increases, the 7* peak changes from a distinct peak with nearly

half the magnitude of the o* peak to a weak shoulder on the o* peak. As sp? states contribute to the 7*
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Figure 4.6: High-loss spectra of t — aC films deposited at different laser energy densities.

intensity and sp® states do not, the relative decrease in 7* intensity is an indication that the fraction of
sp? coordinated carbon is decreasing as laser energy density increases. There alse appears to be a slight
shift in the location of the start of the K-edge peaks with increasing laser energy density. This is likely
due to the deconvolution method. However, it is possible for shifts in the 1s shell energy to occur with
different bonding types. The sp? fraction is quantified from the carbon K-edge spectra as discussed in the
Experimental section with Eq. 2.4. An estimate of the sp? fraction is taken from the visible Raman spectra
as discussed previously. A plot of the sp? fraction as a function of the laser energy density is shown in Fig.

4.7.

4.3.3 Discussion in Terms of Energy Barrier Model

The relationship between sp? fraction an ion kinetic energy is shown in Fig. 4.7. It shows that the sp®

fraction increases approximately logarithmically with laser energy density on target. From this work and
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Figure 4.7: sp® fractions as a function of laser energy density as calculated by electron energy loss spec-

troscopy and by Raman spectroscopy.

the previous work, it is known how the plasma properties change as the laser energy density is changed.
At the smallest laser energy density used, 1.6 J/cm?, the electron temperatures, flow speeds, and densities
are the smallest present in the experiment. The plasma plume posseses a larger ionization fraction than
those plumes created at higher laser energy densities. However, the neutral particles are still the dominant
(> 90%) plume constituent. It is their velocity which is most important when describing how their electronic
excitation energy will be transfered as the incident atom interacts with the previously deposited atoms. Ions
upon capture are neutralized in to excited states. Lower velocities mean an increased collision time during
which electronic excitation may be exchanged. At low laser energy densities, it is known that Cs populations
are present, especially at the periphery of the plasma.[99] Dicarbon, with its heavier mass, is slower, and
will dissociate on impact to form two carbon atoms with half the initial energy.

The particle kinetic energies at the lowest laser energy densities are not large, thus, the number of

displacements per atom is small. Chains of sp? atoms with a variety of sizes may form under these conditions.
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The presence of a large distribution of chain sizes at this lowest laser energy density is seen in the Raman
spectroscopy results. Large chains, with their distributed 7 bonds, have smaller force constants than shorter
chains whose 7 bonds are not as delocalized. This means that the Raman shift is small. Plasmon results
indicate that the smallest mass density of the DLC films was formed at the lowest laser energy density. Given
that the bonding of sp? atoms is two-dimensional, a population of sp? coordinated atoms is less efficient at
filling space than sp? coordinated atoms with their three-dimensional bonding. The presence of an electronic
transition peak eg. (m — 7*) in the low-loss spectrum is also an indication of a significant number of =
states, and thus a large fraction of sp? coordinated carbon atoms.

As laser energy density is increased, a number of different phenomena occur. First, the presence of Cs,
with its slow flow speed, is reduced.[99] The flow speeds and densities increase, although the ionization
fraction decreases. Neutrals are still the dominant plume constituent. The increased flow speeds, and thus
particle kinetic energies, mean that they have a smaller probability of energy transfer during collisions. The
number of collisions does not greatly increase, from one to two at the lowest laser energy density, to between
two to three at the higher laser energy densities. Given the exponential relationship between sp® coordination
probability and electronic excitation energy, only slight changes in electronic excitation energy yield large
changes in film sp? fraction. Also, the electron temperature increases, and thus a larger population of excited
states, and excited states of higher energies, exist. Carbon atoms with sufficiently large excitations may form
two sp? coordinated carbon atoms as they interact with the film via conversion of an existing sp? site in to
an sp® site.

The sp? chain size distribution narrows because there are simply more sp® coordinated carbon atoms
present, and because the amount of displacements per atom is increasing as the particle kinetic energy
increases. Plasmon results indicate that the density of the DLC film increases as laser energy density is
increased. The increase in the sp? fraction drives this increase in density, not the reverse as posited by
Robertson.[85, 93] The sp® sites have a smaller atomic volume that sp® sites, and thus, along with their
ability to form a three dimensional network, act to increase density.[16] Increased compressive stress arises
as new sp° sites form and are incorporated in to the three dimensional network. As the number of sp®
coordinated carbon atoms increases, this becomes more difficult, and thus stress increases with sp® fraction.
In the low-loss EELS results, the electronic transition peak becomes smaller as the number of 7 states
decreases. The Raman shift increases as sp® chain size decreases, and thus the 7 bonds become more
localized, increasing the bond strength.

At the largest laser energy density used in this experiment, the flow speeds, electron temperatures, and
particle densities are also the largest present in this experiment. This is also the location of the largest sp®
fraction and DLC film density. As the production of sp® coordinated carbon atoms is a maximum here, the
excitation and particle energy conditions are likely optimized at this point. Given the kinetic energy of the
ions, the number of displacements created by the incident particles is more than one displacement per atom.

The surface layer is the most likely to be damaged. Incident carbon atoms will most likely displace these
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atoms, since they have not yet collided with anything to lose their kinetic energy. Further displacements will
then be of sp? sites, resulting in no net change in the sp?® fraction due to damage. The effect of displacements
creates a maximum sp® fraction at a certian kinetic energy of particles, less than 100 percent. If laser energy
density were increased futher, then damage of the sp® component will occur more often than creation of
new sp® sites. Film stress will begin to decrease, as will the Raman shift, as fewer sp® sites are created
and graphitization occurs. Significant graphitization occurs when the incident atom range is such that their

excitation energy is completely lost before they are slowed an captured.
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Chapter 5

Magnetically Assisted Pulsed Laser Deposition

Magnetically assisted pulsed laser deposition has been suggested as a means of removing the macroscopic
neutral components within the plume and changing the energetics of the species within the pluem A magnetic
field is created perpindicular to the plume flow direction via two NdFeB magnets. The interaction of the
plasma with the magnetic field may cause the charged components to be deflected whereas neutral atoms are
unaffected. It is reasonable to assume that the neutrals are unaffected if momentum transfer from the charged
to neutral components is negligable. Interest in the interaction of laser produced plasmas with magnetic
fields is not soley due to materials processing.[100, 39] Researchers in the fields of inertial confinement fusion
and astrophysical plasmas have investigated the manner in which plasma plumes interact with magnetic
fields. [46, 40, 42, 44, 43, 45, 49]

A series of experiments has been undertaken to investigate the effect of an external magnetic field on
the laser ablation plasma and the deposited hydrogen-free diamond-like carbon film. The plasma is studied
using Langmuir probes and magnetic probes. Corrections to the quadruple Langmuir probe equations due
to the magnetic field are derived. A hydrogen-free diamond-like carbon film is deposited under magnetized

conditions and investigated with electron energy-loss spectroscopy.

5.1 Corrections to Langmuir Probe in Magnetic Field

Earlier analysis of the Langmuir probe signals was derived from standard probe theory of ion and electron
collection.[65, 24] The addition of a magnetic field to the plasma affects the motion of ions and electron
within the plasma. Therefore, it is necessary to modify the probe equations due to the influence of the
magnetic field. If the magnetic field is weak, collection of electrons and ions by the probe is unaffected, and
the probe equations for unmagnetized plasmas may be used. The magnetic field is considered weak if the ion
and electron Larmor radii are mugh larger than the probe radius. If the magnetic field is strong such that
the ion and electron Larmor radii are smaller than the probe radius, both ions and electrons must diffuse
across the magnetic field to be collected.[66] An intermediate case occurs when the ion Larmor radius is

much larger than the probe radius, but the electron Larmor radius is smaller than the probe radius.
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For the pulsed laser deposition plasmas found in these experiments, the ion Larmor radius is much greater
than the probe radius. As an example, the ion Larmor radius in a typical magnetized PLD plasma with
a magnetic field of 0.4 7', and a typical plume flow speed of 5 x 10* m/s is ~ 1.56 ¢m. The Langmuir
probe radius is 0.025 e¢m, therefore, the ion saturation current is unaffected by the applied magnetic field.
However, the electron Larmor radius calculated with a representative plume flow speed of 5 x 10* m/s is
~ 7.1 x 1072 c¢m. Therefore it is not possible to assume that electron current to the probe tips are unaffected
by the applied magnetic field. A correction for the effects of the magnetic field on the electron current is
necessary.

In a series of papers, Laframboise and Rubinstein present a rigorous theory for the impact of applied
magnetic fields on electron collection by cylindrical Langmuir probes. [69, 70] They considered a population
of electrons with a Maxwellian velocity distribution. The motion of these electrons under the influence of
a magnetic field is derived from classical mechanics. The electron current collected is from those electrons
which intersect the probe. Their theory assumes that the plasma is collisionless, and that all electrons which
intersect the probe are collected. The calculation of electron temperature from the quadruple probe, using
the theory of Laframboise and Rubinstein, is described herein. The set of derived equations assumes that
all electrons incident on the probe are collected, and that the sheath is collisionless. This is verified by
investigating the collision frequency and the electron cyclotron frequency. The effects of cyclotron motion
must be important, or more quantitatively, greater in magnitude, than collisional effects. The electron-ion
and electron-neutral collision frequency are the most important, as they result in net diffusion of electrons.
The electron-electron and electron-ion collision frequency are not different to more than an order of magnitude
under the assumption of quasineutrality, which is assumed here.[47] If the collision frequency is much less
than the cyclotron frequency Q. = ¢B/m., vei/Qe << 1 and v, /2. << 1, then cyclotron motion dominates
over collisional effects. The electron-ion collision frequency is:

21/2p, 7264 InA

1273/2e2m /> T3/

(5.1)

where vei is the electron-ion collision frequency, n; is the ion density, Z is the average charge state of the

plasma, e is the charge on a proton, m, is the electron mass, and 7% is the electron temperature. The natural

log of A, In A is:
127 eokT, 3/2
InA=1In <—Z n; ( ”(:/662 ) ) (5.2)

It will be shown later than at 2 cm Langmuir probe position, a typical density is 10'® m ™3 and a typical

electron temperature is 40 eV. This gives In A & 15. Substituting these values in to Eq. 5.1, the ratio of the
electron-ion collision frequency to the electron cyclotron frequency is:
Vei Ve ~ 172 x 103 Hz

Q. 4B 7 7x100 Hz

Me

~25x107% << 1 (5.3)

For neutrals, ve,/Qe << 1 must be true. The electron-neutral collision frequency is

Ven = NnUth,e0en (54)
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In Eq. 5.4, n,, is the neutral particle density, vy . is the electron thermal speed, and o, is the cross section

for electron-neutral collisions. The cross section for electron-neutral collisions is:

2
Oen = §WR2 (5.5)

where R is the atomic radius of carbon, 77 A. The electron-neutral collision frequency is estimated assuming
that the neutral atom density is unaffected by the presence of the magnetic field. This assumes that once the
magnetic field begins to influnce the path of the ions, the momentum transfer between ions and neutral atoms
is insignficant. With the neutral particle density calculated in Chapter 3 (n,, ~ 10?*m—3) and kT, = 40 eV
as will be found in the results of this chapter, the electron-neutral collision frequency is 32.86 x 106 Hz.
Thus:

Ven 32.86 x 10° Hz

=—— =~ 4. 10°* 1 .
0. X 1050 2 69 x 107 ° << (5.6)

Thus, the use of a collisionless model to determine the effects of the magnetic field on electron collection is

valid.

A quadruple Langmuir probe consists of a double probe and a floating probe as shown in Fig. 2.7 was
used. The probe is biased such that probe tips 3 and 4 operate in ion saturation, while probe tip 2 is at the
floating potential, and tip 1 lies along the repelling region of the probe characterstic. Probe tip 4 is used for
flow speed calculations in certian magnetic flows.[101] Although not used for this purpose in this research,
it still collects current and must be accounted for in the probe equations.

Probe tip 2 is floating, thus the electron and ion currents to this probe are equal, thus:
Aeadez = AinJiz (5.7)
The sum of the currents in probe tips 1, 3, and 4 are zero, thus:
Aizdiz — Aesdes + Aisdis — Aeadea + AinJin — AerJer =0 (5.8)

Probe tips 3 and 4 operates in ion saturation, thus the electron current collected by probe 3 is equal to zero,
Jes = Jeg = 0. For probe tips 1,2, and 3, the collection area for ions and electrons are identical, with and
area of A =4 x 107% m2. Probe tip 4 is perpindicular to the flow direction. The collection area is corrected
for supersonic flow past the tip. The ions only see the projected area of the probe tip, A/m. The areas A
are eliminated from Eqs. 5.7 and 5.8.

The ion saturation current is assumed to be unaffected by the probe potential. This is a reasonable
assumption, provided that the ion kinetic energy is much greater than the probe potential. Ion kinetic
energies have been found to be in excess of 100 eV for these plumes, thus satisfying this condition.[24, 102]
Furthermore, ion saturation current is unaffected by the magnetic field, since the Larmor radius for ions is
much greater than probe dimensions. If J; is the ion saturation current density to the probe tips, Eqs. 5.8
and 5.7 have the following form:

Jeo = AJ; (2+ 1/7) (5.9)
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and
Ji = Jea (5.10)
Substitution of Eq. 5.10 into Eq. 5.9 gives:

Jel
JeZ

2+1/7) = (5.11)

Rubinstein and Laframboise give the upper bound on the dimensionless current collected by a Langmuir
probe at an angle 6 with respect to the magnetic field direction. [70]

i= % (1 —xp)sind + % (3—2xp)| exp (xp) (5.12)

In Eq. 5.12, xp, the dimensionless potential, is —¢V/kT., 8 is the probe angle with respect to the magnetic
field, § is the ratio of the probe radius, rp to the electron Larmor radius, 7., and i is the dimensionless
current. The dimensionless current ¢ is the ratio of the probe current per unit length to the random thermal
current per unit length, i = I/rpneve e, where vy, o is the electron thermal speed.

As a means of temperature estimation, it is assumed that the current per unit length is not a function of
position along the Langmuir probe, and that the probe is aligned perpindicular to the magnetic field, such
that sinf = 1. Equation 5.12 is substituted into Eq. 5.11, and upon manipulation, the following expression

is derived:

2+ 1/m =exp(x1 — X2) (5.13)

o | 3

In Eq. 5.13, the dimensionless potential for probe tip j is —e (V; — Vp) /kT. where V; is the potential on
probe j and Vp is the plasma potential. Further manipulation of Eq. 5.13 gives

23+3—X1(2ﬁ+2)>
28 +3—x2(26+2)

In(2+1/7) =x1— X2 +ln< (5.14)

The third term on the right hand side represents a correction due to the magnetic field. In the weak field

3—2x1
l 1
n<3_2x2> (5.15)

However, this is not the same result that is derived for an unmagnetized plasma. In that case, it is expected

limit, # — 0, this third term becomes:

that the third term of Eq. 5.14 would be zero, leaving the standard equation for the calculation of electron
temperature in the unmagnetized case. It must be noted that Eq. 5.12 predicts an infinite current drawn in
the 8 — 0 limit. Thus, it cannot be expected that Eq. 5.14 will yield accurate results as # — 0. Note also
that in the 8 — 0 limit, the condition in Eq. 5.3 is no longer satisfied, and thus Eq. 5.12 can no longer be
used.

For the strong field limit, with the Larmor radius much smaller than the probe radius: § — oo, Eq. 5.14
becomes:
X2

X2 1) (5.16)

ln(2+1/7r):X1—X2+ln<1_X2
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Electron temperature is estimated from Eq. 5.16 provided that the plasma potential is known. Plasma
potential is calculated by setting electron current equal to the ion current. In this case both the flow and
magnetic field must be considered in the calculation of the plasma potential. The ion current is assumed to be
due to ions crossing the sheath with the Bohm velocity and the contribution due to supersonic flow.[24, 67, 65]

kTe

my;

1/2
I; =n;0.61leA ( > +neA u (5.17)

As previously assumed, ion collection is not significantly perturbed by the magnetic field. The dimensionless
electron current per unit length is given by Eq. 5.12. Restoring dimensions, and assuming properties to be
constant over the probe tip length gives:

2rkT, ) 1/2 [2 1
eX2

I, = Lyrpn, < - (1—x2)+ v (3 - 2)@)] (5.18)

Equating Eq. 5.18 and Eq. 5.17 and taking the large magnetic field limit, one finds:

e

1/2
n;0.61leA (kTe) +n;ed u

m;
1/2
27kT,
Lprpne (—m )

The electron temperature may now be estimated using an iterative procedure. First, the electron tem-

e E (1- X2)} (5.19)

perature is estimated using temperature relation in the case of no magnetic field.

est __ Vi—V,
© In(2+1/m)

Second, the plasma potential Vp is calculated from the floating voltage signal recorded from tip 2 with Eq.

(5.20)

5.19. Third, the electron temperature is calculated using Eq. 5.16. The second and third steps are iterated
until convergence on the peak temperature. To reduce computation time, only a sample of points from the
Vi2 and Va, data are used to calculate 7T%.

A sample plot showing the electron temperature at the 3 ¢m Langmuir probe position calculated from
the unmagnetized equation (Eq. 2.18) and the magnetized equations for data recorded at a laser energy of
550 m.J and a spot size of 0.22 em? is shown in Fig. 5.1. Utilizing a formula for the electron temperature in
unmagnetized plasmas will overestimate the electron temperature. In general, the electron temperature is
proportional to the inverse of the slope of the Langmuir probe I — V characteristic. Probe tips 1 and 2 lie
along this slope, and thus act as a means of estimating the shape of the I — V' characteristic without having
to sweep the voltage. The effect of the magnetic field is to create an apparent reduction in the slope of the
I — V characteristic. Some fraction of the population of electrons that would have otherwise been collected
by the probe will follow their Larmor radii out of the sheath and back into the plasma bulk. The reduction
in the slope of the Langmuir probe characteristic will cause the unmagnetized electron temperature formula,
Eq. 5.20, to overestimate the temperature.

Figure 5.1 shows the estimated electron temperature in the strong magnetic field limit, 5 — oo. If the
ratio of probe radius to electron Larmor radius g is kept in the analysis, Eq. 5.16 becomes:

In(2+1/7) =1 — x2 +In (22‘;;’“ + 1) (5.21)
Sas T X2
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Figure 5.1: Electron temperature at the 3 cm. Langmuir probe position, with and without magnetic field

correction. Laser Energy 550 mJ. Lens position 12 cm.

Given an electron temperature from Fig. 5.1 of ~ 30 eV, the electron Larmor radius is & 0.0036 c¢m. This
yields 8 ~ 7. The fraction % is & 1.06. The correction to the electron temperature found from Eq. 5.21
is not very significant. However, the presence of a finite 8 also affects the plasma potential calculated by
Eq. 5.19. The effect of the second term in the brackets of Eq. 5.18 is minimal, since 1/73 &~ 0.05. Thus,
the effect of finite 8 on the estimated electron temperatures calculated in the large £ limit is not significant
for these plasmas.

Once the electron temperature is determined, the ion density is calculated as in the unmagnetized case.[24,

67, 65] As stated previously, ion current to the probe tip operating in ion saturation is assumed to be the

sum of the current due to supersonic flow and the current due to those ions which cross the sheath with the
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Bohm velocity. Thus, the ion density, n; calculated from the voltage V3 across a 10§ resistor is:
Vi3
n; = T2 (5.22)
0.61eA (%) +eAlu

5.2 Dynamics of Laser Produced Plasma in Magnetic Field

5.2.1 Flow Speed Calculation

The flow speed of the plasma may be altered due to the presence of the magnetic field. Specifically, if the
plasma displaces the magnetic field, it may do so at the expense of its kinetic energy or its thermal energy.
There is some indication that the plasma is limited to the E x B velocity across the mangnetic field.[42]
Charge separation may occur due to finite ion Larmor radius effects. The ion Larmor radius is not small
compared to the device size, whereas the electron Larmor radius is much smaller than the device size. Charge
separation may then occur, leading to the development of an electric field. In previous research, ion flow
speeds were calculated by observing the arrival time at different Langmuir probe positions of self-similar

regions of the ion saturation signal.[24] However, the ion saturation signal is significantly noisier under the
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Figure 5.3: Normalized V;2 data as a function of Langmuir probe position for different laser energies.

presence of the magnetic field. A complete discussion of the ion saturation signal follows in a later section.

With the significant noise on the ion saturation signal, the arrival time of the signal proportional to
electron temperature, Vi, is used. This signal includes contributions from both ions and electrons, thus
the flow speed measured in this section is considered to be the bulk plasma flow speed. For simplicity the
V12 signal is assumed to be collected at the Langmuir probe tip. In previous research, a density averaged
collection position was used. However, the density profile in the magnetized plume is not known, therefore
such an average is not possible. The raw Vi data are normalized to the peak voltage for each laser energy
density and position. Examples of the normalized Vi, data is shown in Fig. 5.3.

At 550 mJ and 440 mJ, there is clear separation between the arrival of the V5 signal for all positions.
However, at 350 mJ, the arrival time for the Vi signal at the one and two centimeter Langmuir probe
positions is indistinguishable. For positions farther than two centimeters from the target, the normalized

V12 data shows clear distinction between arrival time and position.
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Figure 5.4: Langmuir probe position versus Vj» signal arrival time for 350 mJ, 440 mJ, and 550 mJ.

To estimate flow speed from this data, the time at which the normalized Vi, signal reaches 0.5 is deter-
mined for each position. Three shots were taken at each laser energy and Langmuir probe position. At each
position, the arrival times of the three shots are averaged. These average arrival times are graphed versus
position as shown in Fig. 5.4.

In Fig. 5.4, the 550 mJ data shows clear separation between arrival times at different Langmuir probe
positions. However, the 440 m.J and 350 m.J data show no such clear separation. This effect is due to the
offset of the Langmuir probe from the centerline of the plume. As laser energy decreases at constant spot
size, the ion density and flow speed are known to decrease for unmagnetized laser produced plasmas on the
identical experiment.[24] The component of the velocity vector perpindicular to B and normal to the target
surface therefore decreases as laser energy decreases. This means the kinetic 8 = pon;m;u?/B? of the plasma
in directions normal to the target decreases as the laser energy decreases. The magnetic field can therefore

restrict flow to a larger magnitude in the cases of the 350 m.J and the 440 m.J laser energy. Analysis of the
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Table 5.1: Flow speeds and kinetic (.

E; (mJ) | up (m/s) | ug (m/s) | n; (x10'® m—3) I6}
550 5.62 x 10* | 4.24 x 10* 1 4.94 x 1074
440 4.90 x 10* | 4.09 x 10* 0.75 1.96 x 10~*
350 4.17 x 10* | 3.88 x 10* 0.5 1.18 x 1074

B probe signal at the 1 ¢m position, Fig. 5.5, verifies this. The peak field diplacement in the 550 m.J case
is approximately 3 times as great as in the case of the 440 mJ and 350 mJ cases. The slower plasma speeds
mean that the field will be displaced less. Those regions of the plasma closer to the centerline, however,
will be more efficient at field displacement and propagation across field lines. Therefore, the arrival times at
1 ¢m position for the 350 m.J and 440 m.J laser energies are not used. Rather, the flow speed is calculated
with positions 2 cm through 5 cm.

From the results shown in Fig. 5.4, the flow speeds of the plasma are calculated. It is found that flow
speeds at all laser energies are decreased. Table 5.1 shows the flow speeds with and without the magnetic
field present, up and up at the different laser energies used, as well as the kinetic J estimated from the local
ion density at the 2 em Langmuir probe position. If the plasma were perfectly conducting, the plasma would
displace the magnetic field until the magnetic field energy density equalled the initial kinetic energy of the
plasma as well as the thermal energy of the plasma. As the plasma has a finite resistivity, the magnetic field
diffuses in to the plasma. A recent study showed that the ion speed begins to slow within a few millimeters
of the target under a similar experimental arrangement with an Aluminum laser produced plasma.[49] This

plume slowing represents a source of energy to drive plume heating or other effects.

5.2.2 Magnetic Field Calculations

The rare earth magnets create a large, steady state field in to which the plasma travels. As the plasma
expands, it may exclude some of the flux from its path. The magnetic field then diffuses back in to the
expanding plasma, as the plasma is not a perfect conductor. After calibration of the B coil as discussed in
the experimental chapter, Chapter 2, the probe was tested in the case of no external field present. In Fig.
5.5, only a very weak, < 0.1 G field was detected as the plume passes the B probe. At the 1 ¢m probe
position with the external field present, the field displacement is smaller in magnitude than the field line
displacement found elsewhere. This may seem counterintuitive. However, this is an effect of the offset of the
probe as discussed in the previous section. Note that the 550 m.J signal is less affected by the offset, as seen
in the flow speed data.

At all positions, the degree of field displacement increases with increasing laser energy on target. The B
signal arrives later as laser energy is decreased, which indicates that the plasma arrives at a later time, and

thus flow speed decreases as laser energy decreases. The increase in flow speed with laser energy density also
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Figure 5.5: Change in magnetic field at a laser energy of 350 mJ, 440 mJ, and 550 mJ at different positions.
The first plot contains the change in the field without the external magnetic field present.

acts to increase the kinetic S. Thus, field line displacement will increase as laser energy density increases.
Furthermore, increases in density with laser energy, observed in the field free case and only weakly found
with the external field present, will act to increase kinetic 3. Increases in electron temperature will increase
the pressure driven 3, 2uoP/B?. All of these factors act to increase the amount of field line displacement as
the plume passes the B probe.

There is an interesting change in the magnitude and shape of the B prone signal seen between 3 ¢m and
4 c¢m. The field displacement is greater in magnitude at 4 ¢m than it is at 3cm. However, the magnetic
field is significantly smaller at 4 cm than at 3 ¢m, so larger field line displacement is possible. The scientific
basis for the change in the shape are unknown. Changes in the magnetic diffusion coefficient due to changes
in density or temperature can act to change the temporal dependance of field line diffusion.

From Figs. 5.5 and 5.6, diffusion of the field in to the plasma occurs in a time scale of less than or equal
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Figure 5.6: Change in magnetic field at a laser energy of 350 mJ, 440 mJ, and 550 mJ at different positions.

to 1us. The diffusion time may be estimated as:[47, 79]

proL?
nL

(5.23)

B ~

where 7p is the diffusion times, po is the permeability of free space, L? is the scale length of the plasma,
and 7, is the plasma resistivity perpindicular to the magnetic field. The scale length of the plasma is of the

order of a few centimeters. The Spitzer resistivity is used to calculate the resistance:[47]

23/2m1/% Ze21n A ZInA
L= e 2T~ 1.03x 10745 (5.24)
127r3/26%Te/ Te‘é

For a conservative estimate, the scale length of the plasma is taken to be 1 ¢m. From the previous work
without a magnetic field present, the electron temperature at 1 c¢m is approximately 10 eV. With the
magnetic field present, the electron temperature at 1 cm is approximately 40 eV. If In A = 10, the resistivity

is, 3.26 x 107° Qm and 6.27 x 1075 Qm for electron temperatures of 10 eV and 40 eV, respectively. These
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resitivities result in magnetic field diffusion times of 3.85 ps and 20.04 us, for T, = 10 eV and T, = 40 eV,
respectively.

These field diffusion times are of the order or larger than the plume lifetime. This suggests that electron-
ion collisions alone do not constitute the resistivity of the plasma. Interactions with neutral atoms may
act to increase the resistivity of plasma. Furthermore, anamolous transport may also occur, increasing the
effective electron-ion collision frequency.[46, 103]

Neutral atoms can contribute to the resistivity in Eq. 5.23. The resitivity due to neutral atoms is:

mel/en

= 5.25
n ot (5.25)

The electron-neutral collision frequency, v, is given in Eq. 5.4. Therefore, the electron-neutral resistivity
is:

MeNnUth,e0en

Mn = e (5.26)
with the electron-neutral collision cross section defined in Eq. 5.5. As discussed in the first section of this
chapter, a representative electron-neutral collision frequency is v,, = 32.86 x 106 Hz. It will be shown later
in the chapter, under the assumption of quasineutrality, that the electron density in the magnetized plasmas
is ne /= 10'® m=3. This yields a resistivity due to neutral carbon atoms of 1, = 0.00117 Qm. Accounting for

the neutral atoms within the plume, the diffusion time for magnetic fields in the plasma is:
5~ 1.07Tx 107" s (5.27)

Therefore, if the neutral atoms within the plume are considered, the magnetic field line diffusion time becomes
compatible with the observed time scale for field line diffusion. If anamolous diffusion is present, it is difficult

to discern from the effects of neutrals alone based on field line diffusion measurements.

5.2.3 Electron Temperature

Figure 5.7 shows the electron temperatures as function of time at the laser energies used in this experiment.
Figure 5.8 shows the peak electron temperatures for each laser energy as a function of position. It is
interesting to note that the electron temperature is larger at the 2 em Langmuir probe position than at
the 1 ¢m Langmuir probe position for laser energies 440 mJ and 350 m.J. This further supports the idea
that the expansion is more restricted to the 1 ¢m Langmuir probe position at 440 mJ and 350 mJ than at
550 mJ.

Electron temperatures are found to be uniformly larger in the presence of a magnetic field compared as
compared to electron temperatures in an unmagnetized pulsed laser deposition plasma. In earlier work on the
same experiment without the presence of a magnetic field, electron temperatures were found to be between 5
and 10 eV, depending on the distance from the target.[24] In the magnetized case, electron temperatures were
found to be between approximately 20 and 40 eV. A similar increase in electron temperature in magnetized

PLD plumes has been observed by several authors. Koopman found an increase in electron temperature
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Figure 5.7: Electron temperatures corrected for the presence of a magnetic field as a function of time at 550,

440 and 350 mJ Lens position 12 cm.

in a copper PLD plasma from approximately 4 eV in the unmagnetized case to 50 eV in the magnetized
case.[46] The results of Dirnberger, et al, suggest an increase in electron temperature from their optical
emission spectroscopy results, however they did not attempt to calculate electron temperature.[41] Neogi
and Thareja found the the electron temperature slightly increased in a magnetized carbon PLD plasma.[40]
Their estimate was based on the relative spectral line intensity but they did not validate the assumption of
local thermodynamic equilibrium which is necessary for the technique to determine accurate temperatures.

Joule heating via induced currents during field line diffusion in the plasma offers one possible heating
mechanism which may be visualized as follows. The expanding plume displaces the magnetic field lines.
Finite resistivity and anomalous diffusion then permit the field lines to diffuse into the plasma sufficiently
rapidly for heating to occur on the time scale of the plasma. The diffusion of field lines in to the plasma

creates currents which heat the plasma. Following the diffusion arguments of Chen,[79] an estimate of the
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thermal energy gained by the plasma, Eq;yy, is:

Ediff ~ % (5.28)
where V' is the volume of the plasma, and B is the magnitude of the displaced magnetic field. At the 2 ¢m
probe position and a laser energy of 550 m.J, the magnitude of the displaced field is ~ 10 Gauss. From the
density results, described in detail in a later section, there are ~ 102 electrons in 1 em? of plasma. Thus,

the total thermal energy which could be gained is:

107 m=3. (10 Gauss - 1-Gauss

10000 T) —10
~ 7. 1 2
47 x 1077 TmA-1 79610 4 (5.29)

Ediff ~

On a per-electron basis, this represents 0.005 eV/electron. This is not sufficient to explain the observed

increases in electron temperature.

Compression of the electron fluid upon interaction with the magnetic field is another possible heating
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mechanism. Once the laser pulsed has ceased, the plume expands outward into space. After travelling some
distance, it begins to interact with the region of significant magnetic field. If the plasma were a perfect
conductor, it would displace the field lines at the expense of kinetic energy. Even if the plasma is not a
perfect conductor, it will still displace the field lines until they diffuse in the plasma. In typical PLD plasmas,
finite resitivity and anomalous diffusion [46] permit field line diffusion. The maximum possible increase in
electron temperature would occur if the flow of the plasma is completely stopped. From a global energy
balance, the increase in electron temperature is:

ug
AT =me=) (5.30)

where ug is the plume flow speed before it interacts with the field. Assuming an initial flow speed of
5 x 10% m/s, a typical flow speed in the unmagnetized case, AT ~ 0.007 V. This cannot account for the
large increases in electron temperature observed. Incomplete slowing of the plasma due to diffusion across
the field would further reduce AT. The expansion of the plume is not restricted parallel to the magnetic
field, thus adiabatic effects are still important. Electron heating due to compression of the electron fluid as
it interacts with the magnetic field is not important.

As noted in the section on plume flow, the flow speed in the 550 m.J case is reduced from a field-free
value of 5.6 x 10* m/s to 3.9 x 10* m/s. Harilial, et al, performed a study using optical spectroscopy, and
found a compression of around a factor of two.[49] They found this compression only during very short time
scale, less than 50 ns. After 100 ns the density in the field-free case and the density with the magnetic field
present are identical at 1 mm from the target. Without considering any possible compression, the change
in the flow energy itself represents ~ 100 eV/atom of energy which could drive heating. The electron-ion
temperature equilibriation time must be considered. This time is:

m;

(5.31)

Teqg =
e 2me Vei

In Eq. 5.31, m; is the ion mass, m. is the electron mass, and v,; is the electron-ion collision frequency
as calculated in Eq. 5.1. If typical plume parameter values at the 2 ¢m Langmuir probe position are
used (T. =40 eV, n; = 10*® m~?), then 7., ~ 0.06 s, which is significantly greater than the plume lifetime.
However, these values are those after the plume has been heated. For instance, if typical field-free values are
used (T, =10 eV, n; = 10°° m=3), then 7,4 ~ 1.9 x 10™* s. If plume heating were to occur earlier in the
plume lifetime, where densities are higher, the equilibriation time may become reasonable. If anomalously
large diffusion rates are present, as has been observed in this type of plasma,[46] the equilibriation time may
be further reduced.[103]

Heating of a plasma interacting with a magnetic field may come from several sources. Magnetic field line
diffusion is not sufficient to explain the observed increase in electorn temperature, as is deceleration of the
electron component of the plasma. Deceleration of the ions is the only sufficiently large source of energy to
drive heating. This process is the reverse of the adiabatic expansion process. Anamolous transport must

occur in these plasmas.
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Figure 5.9: Raw V;3 signal from Langmuir probe in magnetized plume. Langmuir probe position 3 cm. Laser

Energy 550 mJ. Spot size 0.22cm?.

5.2.4 Ion Dynamics

Ton dynamics in the plasma plume is investigated using Langmuir probe measurements. Figure 5.9 shows a
sample raw V;3 Langmuir probe signal. From the V;3 data, density may be calculated, provided that plasma
flow speed and electron temperature are known. The small signal near 0.8 us is likely an effect of the laser
pulse due to ultraviolet photons from the scattered laser light emitting photoelectrons. The work function
for Langmuir probe tips, tungsten wire, is rather low, 4.5eV. A larger signal is present in all density data at
close to 1.2 us. This feature is not seen in V;3 data taken from unmagnetized experiments, and its physical
explanation is currently unknown. It may be a signal at the lower hybrid frequency, but this requires further
analysis for confirmation. Near 2 ps is the signal corresponds to the signals from Vi, and Va,. This signal
is considered to be the plasma plume as it travels through the magnetic field.

An oscillation appears in many of the the ion density signals which is not seen in the ion density signals

of unmagnetized laser produced plasmas. Figures 5.9, 5.10 and 5.11 show examples of this oscillation in the
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Figure 5.10: Ion densities at 1 cm and 2 cm at different laser energies. Spot size 0.22cm?.

density. The oscillitory behavior is highly repeatable and has a magnitude on the order of the peak density
itself. This may indicate superposition of an instability or a wave generated in the plasma.

Addition of a magnetic field to a plasma permits a wide variety of waves and instabilities not seen in
unmagnetized plasmas. The first step is to determine likely mechanisms for the oscilliatory behavior in the
Langmuir probe signal. Phenomena that would affect the ion signal include Alfven waves, both parallel
and perpindicular to é, ion cyclotron waves, and oscillations at the lower hybrid frequency. Ion drift waves
cannot be entirely discounted, as they can exist with a frequency near the ion cyclotron frequency. However,
they are stable, unlike electron drift waves, and cannot grow to the large magnitudes observed.[47]

Consider first the possibility of Alfven waves as a means of affecting the Langmuir probe signal. The
Alfven wave is an oscillation of the magnetic field which may occur parallel or perpindicular to the steady
state magnetic field B. In these waves, the plasma moves with the field lines. The Alven wave dispersion

relation is, for waves || B:
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Figure 5.11: Ion densities at 3 cm, 4 cm, and 5 cm at different laser energies. Spot size 0.22cm?.

dw _ B
de ~ 4

with v4 the Alfven velocity, B the magnetic field, po the permeability of free space, M is the mass of the ion,

(5.32)

" woMn

and n is the ion number density. Provided that ¢ >> v%, Eq. 5.32 is valid for Alfven waves perpindicular
to the magnetic field as well. For a magnetic field of 0.4 T and an ion density of 4 x 10'7 m ™3, the Alfven
speed is & 4 x 10% m/s. Since the probe is 5 mm long, the smallest wavelength with k parallel @ that it
can detect is of this order. For k L @ L B , the smallest wavelength is of the order of the probe diameter,
0.025 em. Corrections for the motion of the plasma are minimal since the flow speed is much less than
the Alfven speed. Let k then be 1/0.005 m~!, as the probe is 5 mm long. The Alfven frequency is then
w = kva =~ 0.8 x 10° Hz, which is greater than the observed frequency for these oscillations. If w = Q¢,
the wavelength is .44 m, which is much larger than the size of the device. A second order of magnitude
argument can be made based on the time for an Alfven wave to cross the length of the device, in this case

taken to be 2.54 ¢m. The Alfven time is t4 = % ~ 6.4 x 1072 5. This time is much smaller than
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the observed wave period of 1.11 x 10~7 s. It is therefore unlikely that the observed signal is due to Alfven
waves. Furthermore, since an Alfven wave is an oscillation in the magnetic field, it should be observed in
the B probe data.

Oscillations at the lower hybrid frequency occur when the wave vector E is exactly perpindicular to the
magnetic field. The oscillations occur with a frequency wy, = (wcﬂc)l/ 2, where w¢ is the electron cyclotron
frequency and (¢ is the ion cyclotron frequency. For a magnetic field of 0.4 7', the lower hybrid freqency
is wip = 475.09 x 106 Hz. This is substantially larger in magnitude than the recorded frequency. Thus,
oscillations at the lower hybrid frequency are not the cause of the oscillations in the Langmuir probe signal.

The frequency of the oscillation is approximately 9 x 10® Hz. It is only observable at the 2 cm and
3 ¢m Langmuir probe positions, although it is weakly present at the 4 ¢m position. At these positions, the
magnetic field is approximately 0.4 T'. Thus, the ion cyclotron frequency, Qc, is Q¢ = 3.213 x 10 Hz for
Z = 1. lon cyclotron waves propogate approximately perpindicular to the magnetic field. The ion cyclotron

dispersion relation is:

w? = Q2 4 K2C2 (5.33)

where w is the frequency of the wave, (); is the ion cyclotron frequency, k is the wave vector, and C is the
sound speed. For this analysis, the sound speed is taken to be kT, /m;. The peak magnetic field in the region
where the plasma propogates is ~ 0.4 T'. This gives an ion cyclotron frequency of Q; ~ 3.21 x 106 Hz. From
the results in Fig. 5.8, a typical electron temperature is ~ 35 eV/. The observed waveform has a frequency
of =~ 8.5 x 10° Hz. The dispersion relation, Eq. 5.33, thus yields a wave vector k ~ 473.92 m~'. The
corresponding wavelength for this ion cyclotron wave is A &~ 2.11 mm. For a wave with this wavelength to
be accurately detected by the Langmuir probe, is must be propogating perpindicular to the flow speed i, as
well as propogating perpindicular to B. This is because the probe length parallel to the flow is 5 mm . The
dimension of the probe perpindicular to the flow and the magnetic field is the probe diameter, 0.25 mm.

Essentially, the ion cyclotron wave is an ion acoustic wave which is affected by the cyclotron motion of
the ions. Given that the signal frequency is approximately the ion cyclotron frequency, much less than the
frequency of other plausible phenomena, and only appears in the ion saturation signal, and disappears at
probe positions with a weaker magnetic field, it is concluded that this feature is the result of an ion cyclotron
wave. The magnitude of the wave is of the order of the signal itself. This suggests that the wave has grown
by some means. Typically, this is the result of an instability.

Previous researchers have observed instabilities in laser produced plasmas. However, none have observed
an instability at the ion cyclotron frequency. Thareja, et al., suggest that a Rayleigh-Taylor(RT) instability
will occur in PLD plasmas as they interact with a magnetic field. In the ccurrent work, the instability is
observed in a region where the field line geometry is approximately favorable for the RT instability to occur,
at positions 3 cm to 5 em from the target. At 2 ¢m the oscillation is also observed, although the probe tip
encompasses regions that are favorable and unfavorable to the growth of the RT instability. At 1 ¢m, small

oscillations are present, but they are difficult to discern.
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The growth rate of the Rayleigh-Taylor instability for magnetized plasmas is estimated by allowing
curvature and gradient-B forces to take the place of gravity in the RT instability for magnetized plasmas.

An effective acceleration, which takes the place of gravity, g, is therefore:[47]

2P

= — 5.34
JRe (5.34)

9

where P is the pressure, p is the mass density and R¢ is the radius of curvature. The e-folding time of the

RT instability is, with Eq. 5.34:

- —1/2
|V P| 1/2 2|—”Llip
=|g—— S 5.35
TRT <9 P oRo (5.35)

The radius of curvature is taken, for a conservative estimate, to be half the length of the magnet separation,
1.75 ¢m. This is an overestimate of the field line curvature. In this case, the density as a function of
position can not easily be supposed as in the unmagnetized case. There is no a priori reason to expect a
1/r? dependance. Figure 5.11 shows that the density is approximately constant between 3 ¢cm and 5 cm.
The most significant density changes occur between 2 ¢m and 3 cm, at 550 mJ. In this case, estimating
the derivative with a forward difference, dP =~ n3kT13 — n2kT> and dz ~ 1 c¢m, ignoring the probe offset

corrections for the purposes of this estimation, and with values from Fig. 5.11, Eq. 5.35 becomes:

0.0Lm
2 x 1018 m=3-12 x 1.66 x 10—27 kg x 0.0175 m

2% 1.6 x 10—19|5><1017><38 eV —2x10'8 x40 ev| —1/2
TRT R (5.36)

The growth time for the RT instability is estimated to be Ty &~ 6x10~7 s. As the laser firing time is ~ 0.5 us
for this experiment, the instability would have = 2 us to grow before reaching the probe, as shown by the
arrival time of the instability at the different Langmuir probe positions in Figs. 5.10 and 5.11. This time
represents =~ 2/0.6 ~ 3.33 e-folding times for the instability. Thus, the instability is estimated to increase
in magnitude by a factor of ~ €333 ~ 28. However, the instability cannot grow unless the field geometery
is favorable. Thus, the instability would not have 2 us to grow. Instead, it has at maximum the time it
takes for the plasma to cross the 2 ¢m probe position, as the instability appears fully developed by then.
Therefore, it has ~ 0.5 cm/4 x 106 em/s = 1.25 x 1077 s to form. As this is less than the Rayleigh-Taylor
growth time, the RT instability is eliminated as a possible source of the instability. Also, note that Eq. 5.36
underestimates the growth time, since the radius of curvature used is too small. The radius of curvature used
would require that the field lines be perfect half circles with a radius equal to half of the magnet separation
distance. The magnetic field displacement results show that the plasma does not induce large bending of
the field lines as it passes through the field region.

As a physical argument against the detection of the RT instability with the current experimental setup,
it must be noted that the Rayleigh-Taylor instabilty forms at the boundary between the vacuum and the
plasma. However, the ion saturation signal suggests the instability is present within the plasma bulk. The

RT instability in the case would occur at the leading edge of the plasma plume.
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A second possibility is an ion cyclotron instability. These instabilities have been studied in papers by
Bernstein,[104], Hall, et al.,[105], Harris,[106] and Dory, et al.[107] The relevant conclusion of their papers is
that ion cyclotron waves are unstable for certian ion velocity distribtion functions. For velocities perpindicular
to the magnetic field, Maxwellian ion distribution functions are stable against small perturbations, where as
delta function ion distributions are not. A special class of distribution functions which approaches Maxwellian
in certian limits is also unstable. Dory gives an example of the delta distribution function as:[107]

floL,o)) = (

1
2WUL

> (5(UJ_ —Ou_)(S(U”) (5.37)

In Eq. 5.37, f ('UL,UH) is the ion distribution function, v, is a velocity perpindicular to the field, v is a
velocity parallel to the magnetic field, o) is the speed of ion motion, and § is the delta function. In the
delta function distribution, there is no spread in ion velocities around the speed of ion motion, ;. Dory, et
al, show functions with a sufficiently small spread of ion velocities around «; are also unstable.

For delta function distributions the instability condition is that waves that satisfy

n< — <n+l (5.38)
9%}

where n is an integer, w is the wave frequency, and (¢ is the ion cyclotron frequency, will be unstable on

ranges
ki Uperp

mJ, < Q0

<mdpiy (5.39)

where mJ, is the mth zero of the nth order Bessel function.

For the earlier estimate of w ~ 8.5 x 10® Hz, and Q¢ = 3.21 x 105 Hz, w/Qc =~ 2.65. Thus, n = 2 in
Eqgs. 5.38 and 5.39. Assuming that the distribution of ion velocities is not Maxwellian, but represented by a
delta function with a equal to the flow speed, then « is given by up in Table 5.1. For n =2, and m =1,

and taking the flow speed for the 550 m.J case, the condition in Eq. 5.39 becomes
257mm < A <2.07mm (5.40)

The wavelength derived earlier for the ion cyclotron wave was 2.11 mm. Thus, this ion cyclotron wave
satisfies the criterion for instability for laser pulses of 550 mJ. It can also be shown that the instability
condition is also satisfied for the 440 m.J and 350 mJ flow speeds. Growth rates formulae do not appear
to be cited in the literature for this specific instability. The growth rates for ion-cyclotron instabilities in
general functions of the ion cyclotron frequency, with maximum growth rates equal to the ion cyclotron
frequency.[108] Thus, the fastest growth time for this instability is = Q;' = 3.11 x 10~7 5. This a sufficiently
short growth time to explain the presence of an ion cyclotron instability. Further study is necessary to

completely describe the behavior of instabilities within the laser ablation plasmas.
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Figure 5.12: EELS spectrum of DLC film deposited with magnetic field.

5.3 Effect on Film Quality

The goal of magnetic deflection is to deflect the plume so that macroscopic particles travel along their
usual paths whereas the ionic component of the plume is deflected. However, it is not apparent that the
plume is deflected. Instead, the plume is decelerated by its interaction with the magnetic field, but still
propogates across the field. From the flow speed results, it was found that the ions propagate with a speed
of approximately 4 x 10* m/s. With typical magnetic fields in the range of 0.3 T to 0.4 T', the ion cyclotron
radius would be between 1.66 c¢m and 1.245 cm. If the ionic component were deflected along this path, then
there would be no noticable ion population farther than 1 em from the target. However, a significant ion
density was found at all Langmuir probe positions.

In this case, the laser ablation plume behaves like a plasma, rather than an ion beam. The main
effects of the magnetic field on the ion dynamics are the creation of instabilities and slowing of the ionic

component. The dominant effect of the magnetic field on the dynamics of the plume electrons is to increase
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Figure 5.13: Effect of magnetic field on the sp® fraction of DLC films.

their temperature. To determine what effect this has on the growth of DLC films, a diamond-like carbon
film was deposited with the magnetic field present as described in the Experimental chapter.

Figure 5.12 shows the electron energy loss spectrum from the DLC film deposited in the presence of
the magnetic field. It shows the typical #* and ¢* antibonding features typical of the K ionization edge in
DLC films. The sp® fraction is quantified as described in the Experimental chapter. The sp® fractions for
the previous, unmagnetized DLC depositions and the sp? fraction of the film deposited under unmagnetized
conditions is shown in Fig. 5.13 as a function of ion kinetic energy. Although the laser energy was 550 m.J,
the flow speed was significantly reduced due to the magnetic field as discussed earlier. The corresponding
kinetic energy in this case, as derived from flow analysis, is 111.9 eV. The sp® fraction for this case is
40 percent. In the unmagnetized case, a carbon ion with energy of 108.27 eV yielded an sp® fraction of
approximately 20 percent. The difference in these two energies is within the error of the measurement,
approximately ten percent. However, the sp3 fractions are quite different. Therefore, the flow speed and

excitation energy of the neutrals are more important than that of the ions during the film formation process.
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Chapter 6

Doped Diamond-like Carbon

The previous chapters have discussed the formation of diamond-like carbon films from the plasma plume
created during pulsed laser deposition. From this, it is known how to control the sp® fraction and sp?
microstructure of DLC films. This enables the control of hardness, electrical properties, and optical properties
of DLC films. However, one of the problems in using diamond-like carbon in practical applications is the
large internal compressive stresses within deposited films.[4, 1] One means by which the internal stresses
may be reduced or eliminated is with the addition of certian dopants.|[7, 6]

Two sets of doped diamond-like carbon films were created as described in the experimental section.
Copper, which does not form a carbide, and Titanium, a carbide former were selected as dopants. Silver
was also used as a dopant for Z-contrast imaging. Raman spectroscopy, hardness measurements, electron
energy-loss spectoscopy (EELS), and high resolution transmission electron microscopy (HRTEM) were used

to characterize these films.

6.1 HRTEM and Z Contrast

High resolution TEM was performed at the Scherzer defocus to investigate the structure of the diamond-like
carbon and any dopants present within the film.[109] Diamond-like carbon appears as a diffuse, random
pattern typical of HRTEM images from amorphous materials. Titanium and copper form nanocrystals
within the diamond-like carbon, examples of which are shown in Fig. 6.2. The nanocrystals are all randomly
oriented, as is expected for deposition on an amorphous material.

The production of copper nanocrystals in DLC created via ion beam synthesis has been reported by
Gerhards, et al.[110] Copper does not form carbides, and has no solubility in carbon. Therefore, it should
form nanocrystals of copper. Copper nanocrystals are found in the current work, as shown in Fig. 6.1. The
copper nanocrystal size is & 10 nm. Analysis of the copper doped DLC HRTEM images yields an interplane
spacing of 3.624A. This is approximately the interplane spacing of {100} planes of copper, 3.6148A. Thus,
copper forms nanocrystals within the diamond-like carbon matrix.

Titanium, however, is a carbide former. This will act to reduce the mobility of titanium atoms on
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Figure 6.1: High resolution image of copper nanoparticles in diamond-like carbon.

the DLC surface. It might be expected to form titanium carbide crystals, or become incorporated in the
amorphous matrix. If the dopant concentration is sufficiently high, layers of titanium or titanium carbide
may be formed. The HRTEM images show that titanium will form titanium or titanium carbide crystals
in DLC. Figure 6.2 shows titanium nanocrystals in diamond-like carbon. Analysis of the titanium doped
image yields an interplane spacing of 2.263A. This is near the interplane spacing between {1011} planes in
titanium with a hexagonal structure, 2.2436A. Titanium carbide has a spacing between the {200} planes of
2.165A. It is most likely that titanium crystals are formed, with bonding between the carbon and titanium
occuring at the crystal-DLC boundary. The dimensions of the crystal are &~ 10 nm. A large number of
Ti nanocrystals are present. The concentration of these nanocrystals can likely be changed by altering the
thickness and number of Ti strips used in the deposition process.

In the case of silver doping, which is chemically similar to copper, the Z-contrast image in Fig. 6.3 shows
the formation of ordered nanostructures. Self assembled nanostructures have been shown to occur in both
crystalline and amorphous systems.[111] The creation of these materials has been described using a strain

enhanced migration process in which adatoms migrate to regions of locally high stress.[111] In the case of
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Figure 6.2: High resolution image of titanium nanoparticles in diamond-like carbon.

DLC, the individual dopant nanocrystals reduce the strain locally when a new layer of DLC is deposited. The
next set of dopant adatoms will diffuse to regions of locally high stress. These regions will be anticorrelated
with the previously deposited nanocrystals. This behavior is shown in the Z-contrast image of the silver

doped diamond-like carbon.

6.2 Raman Spectroscopy

Raman spectra are acquired for the doped diamond-like carbon samples as discussed in the experimental
section. The G peak is fit to a Breit-Wigner-Fano function, Eq. 2.7. Figure 6.4 shows the Raman data and
BWEF fits for copper doped and titanium doped DLC, respectively. Peak intensities are much higher than in
the dopant free cases, as these films are considerably thicker. The BWF fit is an excellent fit for the Raman

data. As in undoped films, there is no evidence of a D peak. This indicates that the sp? microstructure
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Figure 6.3: High resolution image of silver nanoparticles in diamond-like carbon.

within the film is ordered in to chains, and not in to hexagonal rings. At the largest titanium fraction, there
was no discernable Raman signal. The film was highly reflective in nature, indicating the presence of metallic
bonding. This suggests the formation of a significant quanitity of titanium carbide, which is metallic. Thus,
the fit on the highest concentration titanium doped DLC film is not accurate.

There is currently debate over the origin of the position of the Raman G peak. It is natural to assume that
stress plays a role. Materials are stressed when there are non-equilibrium bond lengths. These occur at the
interface in lattice matching epitaxy, where the substrate and film do not have equal lattice parameters.[112]
Ferrari and Robertson theorize that changes in G peak position are a result of changes in the ordering of
the sp? microstructure.[2] They support their claim by noting that stress reduction via annealing does not
change the G peak position.[16] Stress reduction by annealing was also seen by Friedmann, et al., and showed
similar Raman results.[113] In Ferrari and Robertson’s model, annealing reduces stress by changing a few
sp> sites to sp? sites.[2] This acts to relieve stress, as the size of an sp? coordinated carbon atoms takes less
volume than that of and sp® coordinated site, along the plane of o bonding. However, it may be that the
tendancy of the G peak to rise due to the addition of sp? dimers, is offset by the tendancy of the G peak to

fall with decreasing stress. The sp? dimers are known to have a G peak of ~ 1630 cm ! and will thus shift
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Figure 6.4: Visible Raman spectra of titanium and copper doped diamond-like carbon at different dopant

concentrations.

the G peak to larger wavenumbers.[61] This is different than the case of low sp?® fraction films, in which large
sp? chains have delocalized 7 bonds, leading to reduced force constants, and thus a lower G peak position.
The creation of sp? dimers is essential, as visible Raman spectroscopy is most sensitive to 7 sites. A lone
sp? site will have an unbound p. electron and cannot form a = bond.

If the stress within the films can be altered without changing the film microstructure, then the Raman
G peak is an indicator of film stress. Alteration of the microstructure, that is, sp®> — sp? transitions and
chains—rings transitions will invoke separate phenomena which will also act on the G peak position. This
case should apply for the in situ deposition used for the creation of titanium and copper containing DLC
films used here. It is unlikely that the incident dopant ions posses sufficient energy to cause graphitization.
The presence of titanium may act to enhance sp® fraction, as titanium is a carbide former. This may have to
be considered an external means of changing film microstructure, as Ti may bond with carbon. For titanium

it may be inappropriate to estimate film stresses via the G peak position of in-situ doped DLC films. Copper
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Table 6.1: Fit parameters determined from Raman spectra for different copper and titanium concentrations.

Ti Cu

F (pct.) | Wmae (em™1) Q T (em™Y) || F (pet.) | wmae (em™1) Q [ (em™1)

2.0 1555.1 —3.3318 | 243.9756 3.0 1549.2 —3.5563 | 302.2709
4.37 1555.3 —3.3944 | 247.2320 6.41 1539.4 —2.6448 | 276.8551
10.7 1582.2 —7.6972 | 146.8343 15.44 1503.9 —1.7717 | 311.2746

does not form a carbide in equilibrium conditions and is not soluble in carbon.
Stress reduction is calculated as described by Wei, et al.[7, 6] Given the G peak position in a reference
EELS spectrum, the amount of stress reduction is calculated by:

1+vAw

=2G
g 1—v wy

(6.1)

In Eq. 6.1, G is the shear modulus, v is Poisson’s ratio, wy is the G peak wavenumber of a reference state,
and Aw is the difference between the wy and the G peak wavenumber of the sample film. Wei, et al, give
the value of QG%J_F—Z as 300 GPa. From the earlier Raman spectroscopy study on undoped diamond-like
carbon, the G peak position is located at 1550.76 cm~L.[7, 6] Given the results of the Raman spectroscopy
on the titanium doped DLC, Table 6.1, the stress appears to have increased from the undoped state. Unless
the sp? fraction is significantly increased due to the presence of titanium, this is not possible. This is in
contrast to the results of Wei, et al, who indicate that the presence of titanium decreases the local stress.[6]
Qualitative proof that the addition of titanium reduces stress in DLC is taken from the fact that the titanium
doped films were grown to much larger thicknesses than the undoped films without delamination. It must
be noted that they used a different means of fitting the G peak, multiple gaussian fits, rather than the Breit-
Wigner-Fano fit used in this research. The copper-doped samples show a decrease in stress of 0.302 G Pa,
2.198 GPa, and 9.065 G Pa, for concentrations of 3.0, 6.41, and 15.44 percent, respectively. Stress reduction
in titanium(or other carbide forming element) doped DLC will occur as the relatively weak(compared to
bonding in diamond) bond strengths of the titanium carbide will be deformed by the compressive stresses
present in the DLC film. This can occur both in the bulk film and at the location of nanoparticles or
other nanostructures within the film. The local compressive stresses can also be relaxed by interaction with
nanoparticles. In copper and other non-carbide forming elements, stress reduction must occur via local stress
reduction near the nanoparticle-DLC interface. The Z-contrast image of anti-correlated silver nanoparticles
in DLC shown in Fig. 6.3 is evidence of this. It is concluded that even though stress reduction occurs in
titanium and copper doped DLC films, visible Raman spectroscopy is inaccurate if the species are chemically

active and may act to change the microstructure of the film.
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Figure 6.5: Sample hardness measurement of 2.0 atom percent titanium doped diamond-like carbon.

6.3 Hardness Measurements

Hardness measurements are performed as described in the experimental section on the titanium and copper
doped specimens. A sample hardness versus depth plot is shown in Fig. 6.5. In this case, the hardness is
around 51.35 GGPa for the titanium doped at the smallest concentration. The results for all of the doped
DLC films are shown in Table 6.2. The hardness of highly sp® coordinated diamond-like carbon is cited at
120 GPa. [1] By increasing the titanium and copper concentrations, the hardness of the films is reduced. In
both cases, the hardness is reduced to =~ 20 GPa. At the two largest titanium concentrations, the hardness
measurements are within error bars. In undoped DLC, the large hardness value is a result of the highly
directional and strong bonds between the sp® coordinated carbon atoms.

In the case of titanium, two mechanisms act to reduce the hardness as concentration increases. Titanium-
carbon bonds are weaker than the o and 7 bonds between carbon atoms, and thus less resistant to plastic

deformation. Thus, as the fraction of titanium carbide increases, the hardness of the doped DLC will
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Table 6.2: Hardness of copper and titanium doped diamond-like carbon as a function of concentration.

Dopant concentration is calculated from experimental conditions
Ti Cu

F (atom%) | Hardness (GPa) | o (GPa) || F (atom%) | Hardness (GPa) | o (GPa)

2.0 51.35 6.15 3.0 25.81 1.72
4.37 18.44 4.17 6.41 25.56 3.93
10.87 20.46 2.39 15.44 19.62 1.34

decreases. The presence of titanium carbide bonds also permits stress reduction, as discussed in the Raman
spectroscopy section. The presence of nanoparticles also permits stress reduction. This will occur in both
copper and titanium doped DLC. As copper does not readily form a carbide, there will be no opportunity for
hardness reduction due to a weak carbon-copper bond. However, the presence of nanoparticles which can be
deformed will result in a decrease in hardness. As the concentration of nanoparticles increases, the hardness
will also decrease. In both titanium and copper doped specimens, the concentration of nanoparticles increases
as dopant concentration increases. Thus, hardness of DLC films decreases as the concentration of dopants
increases. Three dimensional nanoparticles may be very effective in stress reduction as the compressive stress

can be relaxed in all directions.

6.4 Electron Energy Loss Spectroscopy

Electron energy loss spectroscopy is used to provide further information on the doped diamond-like carbon
films. The electron energy loss spectra are acquired as discussed in the Experimental chapter. Electron
energy loss spectra provide information on sp® bonding and dopant concentration. Low loss spectra provide
information on electronic structure and bonding. The carbon K-edge spectra determine sp® fraction, and
also yield information on bonding. Ionization edges of titanium and copper are used to determine dopant

concentration.

6.4.1 Low Loss Region

Low loss spectra are shown in Fig. 6.6. Both titanium and copper doped diamond-like carbon films show
a large plasmon peak near 25 eV due to carbon. Copper has a plasmon peak at 67.88 eV and titanium
has a plasmon peak at 8 eV'. The carbon plasmon peak does not shift significantly with titanium or copper
concentration. As the titanium and copper plasmon peaks are not near the carbon plasmon energy, they will
not act to interfere with the apparent location of the carbon plasmon peak by convolution of peaks. However,
changes in valence electron density may alter the location of the plasmon peak. Therefore, increases in the

dopant concentration do not greatly affect the density of carbon atoms within the film. Also, the valence

101



T
—_—20%Ti

1+ v 437 % Ti H
= = 10.7%Ti

Intensity (arb. units)
o
(o]
T

0.4
0.2
O | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
Electron energy loss (eV)
T T T T T T T T
- 3.0% Cu
1 r=1 6.41%Cu H
0) = = 15.44 % Cu
S 0.8
2
& 06f
2
2
S 04r
£
0.2
o - | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50

Electron energy loss (eV)

Figure 6.6: Low loss region from EELS spectra of titanium and copper doped diamond-like carbon at different

dopant concentrations.

electron density is not noticably changed. Noticable modifications to the bulk film density likely occur at
higher dopant concentrations.

Titanium readily bonds with carbon to form titanium carbide. This bonding in this compound is metallic.
As the titanium fraction increases, the size of the m — 7* feature at approximately 5 eV decreases. Metallic
bonding of titanium carbide will act to reduce the amount of bonding- antibonding transitions from 7 states,
as the 7 electrons will transition directly to the conduction band. This will act to broaden the 7 — #*
transitions. The decrease in the relative intensity of the 7 — 7* feature can also occur due to an increase in
the sp? fraction. The addition of titanium should not act to increase or decrease the sp? fraction, however.
It will only affect the electronic structure.

As copper does not form a carbide, there should be no effect on the electronic transitions. However, the
7w bonding-antibonding peak increases between the lowest dopant concentration and the two largest dopant

concentrations. This suggests an increase in the number of 7 states. The number of 7 states can increase by
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Figure 6.7: Carbon K shell ionization region from EELS spectra of titanium doped diamond-like carbon at

different titanium concentrations.

two mechanisms. If the copper ions and neutral atoms have sufficient kinetic energy, they may induce damage
as they interact with the DLC. If, in the non-equilibrium conditions of laser deposition, a copper-carbon

compound is formed, the number of 7 states may increase, depending on the coordination of copper.

6.4.2 Carbon K Edge

The carbon K edge is used for quanitification of the sp® fraction. Figure 6.7 shows the carbon K shell
ionization edges from the EELS spectrum. The fraction of sp® bonded carbon is calculated as described in
the experimental section. The results of this calculation are shown in Table 6.3. In the case of titanium
doped diamond-like carbon, the sp3 fraction is lower than in the undoped case at the same laser energy
density by approximately 40 percent. As titanium fraction increases, the sp® fraction appears to decrease.
The EELS results from the carbon K-edge show that the 1s — #* feature remains strong regardless of

dopant concentration. If titanium carbide is present, the 1s — 7* feature may be enhanced due to bond
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Table 6.3: sp® fraction of copper and titanium doped diamond-like carbon as a function of concentration.

Concentrations are calculated from EELS and from the experimental conditions.

T Cu

F (EELS) | F (expt.) | sp® (pct.) || F (EELS) | F (expt.) | sp® (pct.)
0.094 2.0 26.31 0.52 3.0 17.65
1.08 4.37 21.99 0.655 6.41 27.53
7.21 10.87 20.73 0.79 15.44 22.35

delocalization. The sp?® fraction may increase without a corresponding change in the carbon K-edge spectrum
due to the effects of bond delocalization. Bond delocalization will occur as the fraction of titanium carbide
increases, due to the metallic bonding present in titanium carbide.

Similarly, the sp? fraction estimated in the case of the copper doped samples is less than in the undoped
samples at the same laser conditions. Metallic bonding may lead to bond delocalization and an apparent
enhancement of the 1s — 7* feature. It is typically expected that copper does not form a carbide. However,
at the interface of a copper nanoparticle with DLC, this may become possible. Interfaces are inherently non-
equilibrium, permitting the formation of a copper-carbon compound. This compound has metallic bonding,
as indicated by the bond-delocalization effects. Electron energy loss spectroscopy may not be an accurate

means of determining sp® fraction in doped diamond-like carbon samples.

6.4.3 Copper and Titanium Ionization Edges

The copper and titanium ionization edges can, in theory, provide estimates of the dopant concentration.
Copper has an M ionization edge at 74 eV and L, 3 ionization edges at 931 eV and 951 eV. Titanium
has L» 3 ionization edges at 456 eV and 462 eV'. The titanium and copper concentrations are calculated as
described in the Experimental chapter. The window of integration for the ionization edges for titanium and
copper is 50 eV, while for carbon the integration window is 30 eV'. The low concentrations of copper make
calculation of the copper fraction difficult. Fourier-log deconvolution proved to add enough noise to make
the copper L 3-edges difficult to discern. In this case, the raw spectrum was used to calculate the fraction of
copper. For the titanium doped samples, the Ti L-edge was most noticable in the specimen with the largest
concentration.

All samples were prepared by placing strips of dopant material of equal size on to a rotating carbon
target. The laser alternately struck the dopant material and the carbon. Calculation of the dopant fraction
via EELS indicates titanium fractions of 0.94, 1.08, and 7.21 percent for depositions using one, two and four
strips of titanium. The copper fractions calculated via EELS are 0.52 and 0.79 percent for depositions of one
and four strips of copper. No copper peak could be found in the sample prepared using two copper strips.

There are several problems with determining the dopant fraction using EELS. First, high resolution TEM
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Figure 6.8: L shell ionization region from EELS spectra of copper and titanium doped diamond-like carbon

at different titanium concentrations.

reveals that the dopants are present as nanocrystals, rather than evenly mixed throughout the diamond-like
carbon matrix. Copper has no solubility in carbon, and thus will not occupy substitutional sites within the
amorphous carbon matrix. The location and size of the beam will thus affect the estimated fraction of dopant
material. If the film is too thick, then multiple scattering effects will diminish the intensity of the ionization
peaks from the dopant materials. For low dopant concentrations, the ionization edges of those dopants may
not be visible. All samples prepared in this experiment are plan view specimens. Their thickness, except
for a few regions at the edge of the film, is between 1000 A and 2000 A. Therefore, it is best to prepare
samples for quantitative microanalysis as cross sections, rather than plan view. Other analysis techniques,
such as Rutherford backscattering, can also be used to determine the dopant fraction. X-ray photoelectron
spectroscopy may be useful, however it will only give the properties of the surface.

An estimate of the dopant concentration can be made by considering the size of dopant strips used in the

deposition. The target rotator revolves at six revolution per minute, thus once every ten seconds, the target
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makes a complete revolution. The laser pulse frequency was 10H z, thus there were 100 laser pulses in a
complete revolution of the target. It is estimated that the growth rate per pulse for carbon is 24 /pulse and
the growth rate for copper and titanium is 14 /pulse. The diffence in growth rates is due to the difference in
surface reflectivity, which is larger for metals than for carbon. The dimensions of the copper and titanium
strips are such that if one strip of dopant material is placed on the target, approximately ten out of the one
hundred pulses to the target during its revolution will strike the dopant material.

As an example, consider the case of a single titanium dopant strip. The density of titanium is 4.51 g/cm?
and the density of diamond-like carbon is taken to be 3.1 g/cm3.[2] Thus, over a 1 cm? area, approximately
the dimensions of the silicon substrates, there are 4.51 x 108 g/ A of titanium and 3.1 x 10=® g/A of carbon.
The molecular weight of carbon is 12 g/mol and the molecular weight of titanium is 47.90 g/mol. Thus,
there are 1.55 x 10'® atoms/A of carbon and 5.67 x 10'* atoms/A. The total number of titanium atoms

deposited in a complete revolution of the target is therefore:

atoms
4
01

Nr; = 10 pulses x 0.1 x 5.67 x 1 — = 5.67 x 10'* atoms T' (6.2)

pulse
Performing a similar analysis on carbon for a single strip of dopant material yields a total number of carbon

atoms of No = 2.79 x 1016 atoms C. Thus, the atomic fraction of dopant material in this case is:

_ Npyo 5.67 x 10 atoms T
" Nc+ N7 5.67 x 10 atoms Ti + 2.79 x 1016 atoms C

fri ~ 2% Ti (6.3)

This analysis is performed for the cases of two and four dopant strips for titanium, and for one, two, and

four dopant strips of copper. The results are shown in Table 6.3. The density of copper used was 8.93 g/cm?
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Chapter 7

Conclusions

A study of the plasma created in unmagnetized laser ablation plumes was undertaken to determine the
properties of the plasma. Mass loss measurements show that the ionization fraction is approximately 5
percent. This indicates that the neutral component of the plume is the dominant factor in determining the
sp? fraction of diamond-like carbon films. An energy balance indicates that the flow speed of the neutral
particles must be less than that of the ionized species. The presence of sheath formation will not greatly
accelerate ions. Langmuir probe techniques are determined to not need corrections for collisions within the
sheath.

Current models of diamond-like carbon film formation were investigated and found to be lacking in a full
description of the physics involved. The currently accepted model, subplantation, posits that stress leads to
formation of sp® bonding. However, it is the formation of sp® bonding that leads to the increase in local
compressive stress. The growth of diamond-like carbon films is mediated by electronic excitation of the
incident carbon atoms. Electron excitation occurs either through collisions with electrons or photons, or
through recombination of ions at the surface. Incident carbon atoms will only travel a few angstroms. When
they slow to bond, their electronic excitation energy may drive transitions between sp? and sp® coordination.
If the electronic excitation energy is sufficiently elevated, then multiple carbon atoms may experience this
transition. As particle kinetic energy is increased beyond a critical energy, displacement of atoms leads to
the transformation of sp® sites to sp? sites. Also, as particle kinetic energy increases, the range increases and
thus the number of collisions increases. This acts to reduce the electronic excitation energy of the incident
atom, and therefore reduces its likelyhood to form an sp® coordinated carbon atom.

An investigation in the the effect of an external magnetic field on laser ablation plasma plumes was
conducted. A magnetic field with a peak magnitude of 0.4 T" was created with two NdFeB magnets per-
pindicular to the flow direction. Corrections to the quadruple Langmuir probe equations, specifically electron
temperature and floating potential, were derived from collisionless electron collection theory in the presence
of a magnetic field. This is valid for the plasmas encountered in the experiment, as the electron-ion collision

and electron-neutral collision frequencies were much less than the electron cyclotron frequency. The effect of
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the correction is a reduction in the electron temperature calculated using the field-free equations. Ion signal
corrections are unecessary as the ion cyclotron radius is much greater than the probe diameter.

Plume flow speeds were estimated from electron temperature data. Flow speed was uniformly reduced
from the field-free case. The effect of probe offset was important at the 1 ¢m Langmuir probe position.
Displacement of the magnetic field was determined using B probes. Only a small displacement in the
external magnetic field was noted. The weak displacement of the magnetic field by the plasma is due to
the small kinetic § of these plasmas. The field energy density is much greater than the flow energy density.
Field line displacement increased with increasing laser energy density, as a result of the increased flow speed
of the plasma. The effect of probe offset at 1 ¢m was seen in the magnetic field data, confirming the results
from the flow speed data.

Electron temperatures were increased by a factor of 3 to 4 over field-free values. Increases in electron
temperature due to field line diffusion are impossible given the small magnetic deflection. Compression of
the electron fluid does not present sufficient energy for plume heating either. However, slowing of the ionic
component, as found in the flow speed data, presents a source of energy for plume heating. However, it is
necessary to have a collision frequency larger in magnitude than the Spitzer resistivity in order to have the
electron-ion temperature equilibriation time of the correct time scale.

Ion dynamics showed behavior not seen in the field-free case. A large oscillation near the ion-cyclotron
frequency was present in signals from Langmuir probe positions of 2 em, 3 ¢m, and 4 ecm. Alfven waves
were eliminated as a possibility due to their lack of presence in the B probe signals and the fact that Alfven
waves are low-frequency waves. Ion drift waves are eliminated as they are not unstable, and thus cannot
grow to the large magnitudes found in this experiment. It is concluded that the observed phenomenon is an
ion-cyclotron wave propogating perpindicular to the flow and to the magnetic field. The instability satisfies
a transverse electrostatic ion cyclotron instability, although growth rates were not calculated. The Rayleigh-
Taylor instability is eliminated as a possible instability mechanism due to unfavorable field geometries and
insufficiently rapid growth times.

Growth of a diamond-like carbon film illustrates the importance of neutral particles in DLC deposition.
The ionic component was slowed due to interactions with the magnetic field. However, the neutral component
is unaffected, and the sp® fraction of the film was larger than expected from ion kinetic energy alone.

A series of diamond-like carbon films were deposited with titanium, copper, and silver to investigate the
changes in film structure and properties with dopant concentration. The measurement of stress reduction by
visible Raman spectroscopy was found to be poor. Titanium and copper were found to reduce the hardness
of diamond-like carbon. Electron energy loss spectroscopy performed on the doped specimens showed that
the sp? fraction in doped samples was less than that in undoped samples at the same laser conditions. Bond
delocalization effects are assumed to enhance the 1s — 7* feature of the carbon K-edge. Estimation of the
dopant concentration and sp® fraction in segregated, nanocrystalline form via EELS is likely inaccurate due

to the small sample size of the TEM beam. Doping of diamond-like carbon with different elements is found
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to create nanoparticles with the DLC matrix. Copper, titanium, and silver nanoparticles were formed using
pulsed laser deposition. Z-contrast images on silver doped diamond-like carbon show the formation of self

assembled nanoparticles. Their growth is consistent with a stress induced diffusion process.
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Chapter 8

Future Work

8.1 Undoped Diamond-like Carbon Films

To verify the predictions made in the chapter describing the formation of diamond-like carbon films, I
propose several experiments. First, the current set of experiments involving the variation of sp® fraction
with laser energy density should be extended to higher energy densities, and thus, larger kinetic energies.
Unfortunately, the laser used was not capable of creating ions up to several keV. Second, the formation
of diamond-like carbon films by neutral carbon atom beams should be investigated. If possible, beams of
ground state, and then excited, neutral carbon atoms of different kinetic energies should be used to deposit
carbon films. This would prove a difinitive test of my postulate that sp? bonding is a result of electronic
excitation, and that variations in sp?® fraction with kinetic energy are a result of the changes in energy

coupling as kinetic energy is changed.

8.2 Doped Diamond-like Carbon Films

Further research can be performed on the structure and properties of doped diamondlike carbon films. An in-
depth study of the structure would involve the analysis of the segregation of dopants within the diamond-like
carbon film. Earlier in the dissertation, it was shown that both carbide and non-carbide forming dopants will
form nanocrystals within diamond-like carbon. Cross section HRTEM, Z-contrast imaging, and diffraction
are needed to understand how these nanoparticles grow and assemble themselves. Point-by-point electron
energy loss spectroscopy will determine the sp® fraction in regions only populated by diamond-like carbon.
This analysis will also yield information on how the dopants segregate themselves. It may be possible to
engineer the size and location of the nanoparticles by changing the stresses within the film. This can be
accomplished by using different sp?® fractions, as this is related to stress in as-deposited diamond-like carbon
films.

An analysis of the properties of doped diamond-like carbom films will be complementary to the research
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on the structure of doped diamond-like carbon films. Studies of optical, electronic, and magnetic properties
will determine how electrons behave within diamond-like carbon. Doped, high sp? fraction diamond-like
carbon films may yield semi-transparent conductors. Magnetic materials may be created with appropriate
dopants. The mechanical properties of DLC films doped with different elements can be studied for their

usefulness in medical applications where high wear resistant, inert coatings are necessary.

8.3 Optical Spectroscopy

A detailed series of experiments could be undertaken to confirm the Langmuir probe results discussed in this
paper. Optical spectroscopy could be performed in both the unmangetized and magnetized plumes. A gated
optical multichannel analyzer would yield temporally dependent information on the neutrals and ions within
the plume. An important avenue of investigation would be the applicablity of certian equilibrium models to
the laser ablation plasma. It is not currently clear whether or not the assumption of local thermodynamic
equilibrium or coronal equilibrium are valid for the purposes of estimating an electron temperature. Spatially
resolved data may be acheived by using an appropriately collimnated fiber. This can be used to estimate
flow speeds for certian species. More advanced optical spectroscopy technques would include the used of
gated, intensified CCDs to make images of the plasma. This could be coupled with laser induced fluoroscopy

to create a map of species within the plume.

8.4 Self Assembly of Nanostructured Magnetic Materials

The presence of a magnetic field may lead to the creation of novel nanostructures. The diffusion along the
surface of the film during deposition is affected by the surface forces. Addition of an intense magnetic field
will create a dipole force on individual atoms which may affect their surface migration. It may also be

possible to create nanostructures for magnetic materials with domains of each of the nanoparticles aligned.

8.5 Different Magnetic Field Studies

The use of different field geometries may permit different plume behavior to occur. The development of
different instabilities and turbulence in different field geometries and their effect on transport could be
studied in detail. The effects of gradients in the magnetic field and field curvature were not discussed in this
dissertation. The effect of field gradient and curvature drifts on electrons and ions may become significant
in certian geometries. It would also be interesting to investigate whether or not waves at the ion cyclotron
frequency are seen from the laser ablation of different materials and of multicomponent targets. A full three-
dimensional, time-dependant model of plume expansion could be performed computationally. This would

require significant computational effort.
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