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ABSTRACT OF DISSERTATION

DIAGNOSTICS OF CARBON AND SILICON BASED PLASMAS FROM

SURFACE CHEMISTRY TO GAS-PHASE PHYSICS

Plasma enhanced chemical vapor deposition (PECVD) has been widely used
for deposition of organic polymers and carbon or silicon-based materials. A variety
of gas phase, plasma-surface, and surface analysis techniques were used to provide a
full understanding of these plasmas. This dissertation first describes the synthesis of a
nanostructured composite material formed from plasma-polymerized polypyrrole
(PPPy) coated Au fibers. The chemical, structural, and electrochemical
characteristics of PPPy films were characterized by Fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and UV-Vis
spectroscopy as well as cyclic voltammetry (CV), and scanning electron microscopy
(SEM). Higher degree of retained functional group in the polypyrrole backbone was
found with increasing duty cycle of pulsed plasma. In addition, as-deposited PPPy
films coated on Au nanotubes demonstrate better electrochemical properties than as-
deposited PPPy films coated on flat indium tin oxide (ITO) electrodes as a result of
the increase in surface area and decrease in film thickness.

Langmuir probe and mass spectrometry measurements were used to

characterize the gas-phase of low pressure, 13.56 MHz inductively coupled plasmas
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used for deposition of diamond-like carbon (DLC) thin films. The ionic composition
of Ar and CH4/Ar plasma molecular beams was studied using a mass spectrometer
with energy analysis capabilities. Low-energy peaks contributed significantly to the
total area of the ion energy distributions (IEDs) measured for Ar" in Ar and CHy/Ar
plasmas. In contrast, for all other ions in these systems, the low-energy peaks had a
lower contribution to the IEDs as a result of the low probability of energy exchange
via ion-neutral collisions. Hydrogenated DLC films were deposited on silicon wafers
at different substrate potentials to determine the effect of ion bombardment on film
properties. The hydrogen content, surface roughness and deposition rate decreased,
whereas the hardness of the films increased when a negative bias voltage was applied.
These results demonstrate that ion energy has a significant effect on the composition
and morphology of plasma deposited DLC films.

The internal and translational energies of gas-phase radicals, SiH and CH,
were characterized using laser-induced fluorescence (LIF) for silicon-based (SiH4/Ar
and Si,He/Ar) and carbon-based (CH4/Ar) plasmas. The average rotational
temperatures (®g) of SiH and CH were found in these plasmas as ~ 500 K and ~ 1450
K, respectively, with no obvious dependence on plasma parameters. Modeling of
kinetic data yielded average SiH translational temperatures (®@r) of ~1000 K in the
SiH4/Ar plasmas and average CH ®r of ~2200-2500 K in the CH4/Ar plasmas at 50
mTorr within the studied range. No clear dependence on the argon fraction was
observed in both SiH4/Ar and CH4/Ar plasmas. Interestingly, ®1 of SiH in the
SizsHe/Ar plasmas decreased from ~1000 K to ~550 K as the Ar fraction in the plasma
increases. This indicated that the translational energy of SiH in Si;H¢/Ar plasmas has

been thermalized with addition of high fraction of Ar gas. In addition, the average
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CH 0O did change with applied rf power, @1 =~2050-9050 K, which suggests O is
associated with the electron temperature in the plasma.

The surface reactivity, R, of CH radicals was measured during plasma
deposition of amorphous hydrocarbon films using our imaging of radicals interacting
with surfaces (IRIS) technique. IRIS combines spatially-resolved LIF with molecular
beam and plasma techniques. The measured surface reactivity of CH is near unity
and shows no dependence on the applied rf power, argon fraction, substrate
temperature, or substrate bias. From these results, CH was clearly involved in film

growth despite its low gas-phase density.

Jie Zhou

Department of Chemistry
Colorado State University
Fort Collins, Colorado 80523
Spring, 2006
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CHAPTER 1

INTRODUCTION AND OVERVIEW

This dissertation chapter provides an introduction to plasma fundamentals and
plasma enhanced chemical vapor deposition (PECVD). The basics of plasma gas-
phase diagnostics and plasma-surface interactions are also covered. In addition, this

chapter contains an overview of the research presented in Chapters 3-6.
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1.1. Introduction

Plasma processing of materials is an essential technology for micfoelectronics
fabrication,' thin film deposition,2 and surface modification.>* The advantage of
using plasmas in these processes is that materials can be deposited, etched or modified
at low substrate temperatures (< 675 K).> Electrons, however, can gain significant
energy (1-10 eV),2 such that active radicals, ions, and excited species can be created
via inelastic collisions between electrons and gas molecules. In past years, plasma
enhanced chemical vapor deposition (PECVD) has been extensively used in the
microelectronic industry for deposition of various thin films>* such as conductive
polymers,®’ amorphous hydrogenated silicon films,® and diamond-like carbon films
(DLC).?

Despite the wide use of plasmas, little is still known about the mechanisms for
plasma processing due to the complexity of plasma chemistry in these systems.
During plasma deposition processes, radicals and ions have long been considered as
the most important species because of their relative reactivities and abundance in
these systems. Therefore, a solid understanding of the gas-phase plasma physics and
the energy partitioning of these gas-phase species, such as radical translational,
vibrational, and rotational energy, and ion energy distributions, is critical for
optimization of existing processes and to drive the development of new materials.
Recently, more attention has been focused on the characterization and understanding
of plasma-material interactions during plasma processing of materials, because the
ultimate properties of plasma-prepared materials are controlled by these surface
reactions. Understanding how each species influences the surface structure is,

therefore, essential for optimizing the plasma processing of materials.
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1.2. Plasma fundamentals

A plasma is a partially ionized gas consisting of ions, electrons, metastable
species, and neutral species in an electrically quasi-neutral state.'®'' When an
electrical field is applied to a gas, free electrons are accelerated by the field. Because
the mass of an electron is much smaller than that of a neutral species, electrons lose
almost no energy during electron-neutral momentum transfer collisions. As a
consequence, the free electrons can be accelerated to very high energies, typically
several electron volts (1-10 eV average energy),'> whereas gas molecules have much
lower energy. This leads to a “nonequilibrium” or cold plasma in which the electrons
do not achieve thermodynamic equilibrium with gas molecules. When electron
energies are higher than the threshold energies of inelastic collisions (ionization or
excitation), electron-ion pairs and neutral radicals are created by electron impact with
neutral species.” Therefore, low-temperature plasmas are widely used to induce
chemical reactions at relatively low gas temperatures (< 1000 K), without damage of
the underlying substrate.

In the bulk plasma, the electron density and ion density are roughly the same,
making the plasma quasi-neutral. Since both electrons and ions are lost on the walls
of the plasma reactor due to diffusion, in a small region near the surface (namely the
sheath region), both electron and ion densities are lower than those in the bulk plasma
region.” Because electrons have higher thermal velocities than ions, electrons reach
the surface faster, thereby leaving the plasma with an overall positive charge in the
sheath region. An electric field that retards the electrons and accelerates the ions
develops in this sheath region in such a way as to make the net current zero.

Consequently, the surface potential is more negative relative to the plasma potential.
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Therefore, this sheath potential drop provides ions with high energies with which they
bombard the surface.

Conventionally, plasmas are electrically created by either capacitive coupling
(capacitively coupled plasmas-CCPs) or inductive coupling (inductively coupled
plasmas-ICPs). In CCP reactors, a radio frequency (rf) voltage is applied between
two electrodes and a power of 50-2000 W then can be transferred to a low-pressure
gas to create a plasma. CCPs are usually weakly ionized with a fractional ionization
of about 10°.> The typical operating pressures in CCPs are 10—-1000 mTorr, leading
to a low-density plasma of 10°~10'° cm™ with an electron temperature varying from
1-5 eV.>!! Currently, ICPs are widely used in the semiconductor industry.”*'® In
these reactors, the power is supplied to the plasma reactor by either a spiral coil sitting
on the top of a quartz window, or a multi-turn coil surrounding a tubular reactor
through a matching network. The rf current passing through the coil produces
oscillating magnetic fields, which sequentially create oscillating electric fields in the
reactor. These fields are the power source for plasma formation. Typically, ICPs
operate with a fractional ionization of about 10 at pressures of 0.5-200 mTorr. The
plasma density in ICPs is about 10''-10'? cm™ and the electron temperature varies
between 2-7 eV.>'! Moreover, a negative self-bias on the substrate can be formed in
an ICP reactor by applying another independently controlled rf generator through
capacitive coupling to the substrate.>'' Thus, the plasma can be generated by one rf
power source through the coil and the degree of ion bombardment on the substrate can
be regulated independently by a second power supply on the substrate. Compared
with that from the coil, the power supplied to plasmas from a substrate bias is very

low, and it does not significantly influence the plasma density.
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1.3. Plasma enhanced chemical vapor deposition
PECVD has been extensively used for deposition of a wide variety of thin

19-21

films, from organic polymers'®?' to inorganic films.”*?* These plasma-prepared films

28,29

have potential applications in microelectronics,”>’ biomedical devices,”** separation

30-32 25,33,34

membranes,” -~ protective coatings, pharmaceutical packaging, the aerospace

1936 and automotive fields.'”*” PECVD of organic polymers, especially

industry,
conjugated polymers, is also called plasma polymerization. The films obtained by
plasma polymerization are generally homogeneous, adherent, and pinhole-free with a
high degree of crosslinking and branching.®® The properties and composition of
plasma-deposited polymers can be controlled by plasma parameters, such as power
input, monomer flow rate, pressure, substrate position, and substrate temperature.
Despite the increasing use of plasma polymerization, the underlying mechanisms are
still not well understood because of the complexity of plasma chemistry. It was
recently reported, that, under low plasma power input conditions, a polymer created
by PECVD retains most of the aromatic ring structure of the starting monomer and
resembles a more conventionally synthesized polymer.**** Moreover, pulsing the
applied electric field during plasma polymerization can lead to structurally well-
defined polymer repeat units, which is attributed to the minimal fragmentation of the
monomer and very little damage of the growing film by incident plasma species
during the duty cycle on-period, followed by conventional polymerization
mechanisms proceeding during the off-period.”

PECVD has also been used for deposition of various inorganic thin films, such
as hydrogenated amorphous silicon (a-Si:H),® titanium oxide,” and SiO; films.*

Compared with other deposition methods, such as physical vapor deposition (PVD),

and chemical vapor deposition (CVD), PECVD methods are attracting great interest
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because they can be performed at relative low substrate temperature (< 600 °C),
provide good step coverage, and have easy control of reaction parameters.>' 40 1n
addition, PECVD processes can deposit materials with properties that a thermal CVD
process can not because ion bombardment of the substrate can be easily tuned. The
high ion energy increases film density and affects the amount and type (tensile or

compressive) of film stress.*’

1.4. Plasma diagnostics during deposition
During plasma processing of materials, control of the characteristics of the

prepared materials is a crucial issue, which is accomplished not only by
characterization of prepared materials, but also by precise measurement of the
processing plasma. The ultimate properties of prepared thin films or modified
material surfaces strongly depend upon the plasma parameters used during the
processing. Therefore, the diagnostics of the processing plasma is an important
technology in the plasma processing of materials. Since a large number of variables
affect the ultimate material properties via competing chemical and physical processes
in plasmas, it is not easy to fully understand the overall processes, even for the
plasmas with relatively simple gas-phase compositions. Appropriate reliable
diagnostic techniques are, therefore, necessary to provide an understanding of the
plasmas and actual phenomena occurring, which in turn will enable control of the
overall process. In this section, an overview of commonly used plasma diagnostic
techniques during materials processing will be covered.

1.4.1. Plasma gas-phase physics. As noted in Section 1.2, a plasma is produced
by the dissipation of electrical power to the medium in a low pressure gas. Electrons,

to which most of the power is transferred, obtain enough energy to initiate excitation,
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ionization, and dissociation processes via collisions with atoms and molecules.
Atoms, radicals, and ionic species are initially created in this process and can be the
origin of further chemical reactions. As a consequence, the plasma phase is usually a
very complex mixture of a variety of active species. Therefore, gas-phase physical
parameters of plasmas, such as electron and ion density, electron temperature, plasma
potential, electron energy distribution function (EEDF), and ion energy are critical to
understand the overall plasma process.

To measure electron and ion density, plasma potential, electron temperature,
and EEDF, a Langmuir probe is the most often used tool in low-pressure plasmas.
This method was developed by Irving Langmuir and his co-workers in the 1920s and
has since been further developed to extend its applicability to more general conditions
than those presumed by Langmuir.’ There are many theories and textbooks where
practical usage of the probes is explained.>*! Briefly, a potential scan is conducted on
a metal probe inserted in a plasma to draw electron and ion saturation current (V-I
characteristics). The electron density, ion density, plasma potential, and EEDF can be
derived from this V- curve. Probes are usually quite small to prevent large
perturbations of the plasma.

For full understanding of the gas-phase plasma, radical density, ion density,
and ion energy have to be measured because these parameters strongly affect the
properties of prepared materials or modified surfaces. It was reported that in
fluorocarbon plasmas used for etching Si and SiO», the dominant process can vary
from fluorocarbon deposition at low ion energy to etching at high ion energy.*?> Mass
spectrometry is a suitable technique to obtain these parameters for low-temperature
plasmas with high detection sensitivity. Plasma diagnostics with a mass spectrometer

are usually performed by sampling plasma species (ions and neutrals) through a
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sampling aperture located at or near the wall of the plasma reactor. After extraction
from the plasma, the fluxes of these species are mass analyzed. Moreover, with
suitable ion optics, either positive or negative ions can also be analyzed. In such
cases, the filament of the ion source is turned off, and suitable voltages are applied to
the ion optics.! The ion energy distribution function (IEDF) then can be measured
individually for each selected ion.

1.4.2. Energy partitioning of gas-phase species. Rates of processes occurring
in the gas phase and on the surfaces strongly depend upon the energies of the
interacting species, i.e., translational and internal energies (rotational and vibrational).
Moreover, the gas-phase density of these species is also important to understand
mechanisms of film growth, etching, and modification. Spectroscopic techniques are
ideally suited for determining the quantum state distributions of species such as
radicals and molecular ions. Among various optical techniques, optical emission
spectroscopy (OES) provides information on density, vibrational and rotational
temperatures of plasma-generated species. However, it lacks spatial resolution and
only provides information about the excited state species, which are usually not
critical to the overall chemistry because their number densities are several orders of
magnitude smaller than those of ground state species.* Laser-induced fluorescence
(LIF) has been used to measure plasma species in ground states. Compared with OES,
LIF is sensitive, selective, and spatially resolved. With this technique, the internal
energies of species usually can be obtained by comparing the experimental excitation
spectrum with a calculated spectrum. Furthermore, the translational energy of
radicals extracted from a plasma can be measured by LIF combined with molecular

beam techniques.®
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1.4.3. Plasma-surface interactions. Extensive research has focused on plasma-
surface interactions because the ultimate properties of plasma processing materials
depend upon the reactions between the gas-phase species and the surfaces of materials.
The combination of plasma gas-phase diagnostics and surface analysis is usually the
best strategy to understand plasma-surface interactions. Such characterization of gas-
phase plasma species as well as molecules generated at the substrate surface during
plasma processing can be achieved with our “imaging of radicals interacting with
surfaces (IRIS)” technique.** This method combines molecular beam and plasma
technologies with spatially resolved LIF to measure radical-surface interactions
during plasma processing of a substrate. Reactivity measurements can be made by
varying various parameters, such as applied rf power, pressure, substrate temperature,
and substrate material. In addition, the effects of ion energy on the surface reactivity
of radicals can be also explored with the IRIS technique by applying different

substrate biases.**

1.5. Overview of research

The principle goal of this work is to understand the mechanisms occurring in
both the plasma gas phase and at the substrate surface during the plasma
polymerization of polypyrrole and deposition of hydrogenerated amorphous silicon,
carbon films, including diamond-like carbon (DLC) films. The diagnostics of gas-
phase physical parameters, such as electron temperature, electron and ion density,
plasma potential, and ion energy, are necessary to fully understand these non-
equilibrium, complex plasmas and to offer a good model for these systems. Moreover,
characterization of boht gas-phase properties and plasma-surface interactions for key

species in these plasmas, such as SiH and CH radicals, is a critical component of the

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



existing research. Of a variety of analytical techniques, LIF is suitable technique to
characterize SiH and CH radicals, which allows a more complete mechanistic study of
these deposition systems because SiH and CH radicals are quite important species
during the film growth processes.

Chapter 2 provides the experimental details for the surface analyses, gas-phase
diagnostics, and plasma-surface interactions used in this work. The physical and
chemical properties of plasma-deposited films are investigated using several
analytical methods, including Fourier-transform infrared (FTIR) spectroscopy, x-ray
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), UV-Vis
spectroscopy, cyclic voltammetry (CV), atomic force microscopy (AFM), and
nanoindentation. Mass spectrometry (MS), Langmuir probe, and LIF are used to
investigate the gas-phase physics and chemistry of plasmas, such as plasma density,
ion energy, radical density, and radical energy participation. Our IRIS technique is
also used to study the net steady-state surface reactivity of molecules during
bombardment of the substrate by the full range of plasma species.

One project included in this work involved the template synthesis of gold
nanotubes and subsequent coating by plasma polymerization of polypyrrole.
Nanostructured composites have many potential applications in microelectronics,
chemical sensors, and electrochemical energy production.?’ Chapter 3 describes the
chemical, structural, and electrochemical characteristics of a nanostructured
composite material prepared from plasma-polymerized polypyrrole (PPPy) coated Au
nanotubes. The effects of the duty cycle of a pulsed plasma and the annealing process
on the physical and chemical properties of the PPPy films were investigated using
FTIR, XPS, UV-Vis spectroscopy, and SEM. The influence of surface area on the

electrochemical properties of PPPy films was explored by coating PPPy films onto the

10
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surface of Au nanotubes. The composition of the pyrrole plasma gas-phase was
characterized by MS to understand the mechanisms of plasma polymerization in these
systems.

Chapter 4 presents diagnostic studies of Ar and CH4/Ar plasmas during DLC
film deposition in an ICP reactor. The gas-phase plasma diagnostics combined with
the surface analysis of DLC films were utilized for elucidating the mechansisms of
DLC film growth. A Langmuir probe was used to measure the electron density (),
ion density (n;), electron temperature (7,), plasma potential (¥,) and electron energy
distribution function (EEDF). Relative ion intensities, ion energy distributions (IEDs)
and mean ion energies were measured by a mass-resolved ion energy analyzer in the
molecular beams of Ar and CH4/Ar plasmas. The effect of ion energy bombardment
on the DLC film growth was also explored by controlling the substrate potentials on
the silicon wafers. The structural and surface properties of films were characterized
by FTIR, SEM, AFM and nanoindentation.

Chapter 5 details studies of the energy partitioning of plasma generated SiH
radicals during the deposition of a-Si:H films. The effects of Ar dilution on the
translational and rotational temperatures of SiH in effusive plasma molecular beams
of SiH4/Ar and Si;H¢/Ar plasmas were measured using spatially and temporally
resolved LIF techniques. The translational temperatures were derived from the speed
distributions of SiH in the molecular beams of these plasmas, whereas the rotational
temperatures were obtained by comparing the experimental excitation spectra with
simulated spectra. Interestingly, the translational temperature of SiH is strongly
coupled to the Ar dilution in Si;He/Ar plasmas, but not in SiH4/Ar systems. In both
systems, the rotational temperature of SiH is independent of the Ar dilution. These

results are discussed with respect to parent gas dissociation mechanisms.

11
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Although the gas-phase density of CH in hydrocarbon plasmas is relative low,
it has a significant influence on the quality of plasma-prepared hydrocarbon films,
including DLC films.** The role of CH radicals during the growth of hydrocarbon
films, however, is still not well understood. Chapter 6 presents IRIS studies of CH
radicals in CH4/Ar plasmas. The surface reactivity of CH radicals is measured as a
function of applied rf power, argon fraction, substrate temperature, and substrate bias.
The energy partitioning of CH radicals is also investigated. These results combined
with the diagnostic data obtained in Chapter 4 provide deep insight into the roles of

CH radicals in the film growth of DLC films.

12
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CHAPTER 2

EXPERIMENTAL METHODS

This dissertation chapter contains three main sections, which describe the
methods by which data discussed in the following chapters were collected. The first
section of this chapter describes our plasma reactors used to deposit polypyrrole and
DLC films, as well as common surface analysis techniques. The second section of
this chapter provides a detailed description of gas-phase diagnostic methods. The
third section of this chapter describes the imaging of radicals interacting with surfaces
(IRIS) technique, which was used to characterize gas-phase and surface properties of

plasma radicals.
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2.1. Surface characterization methods

2.1.1 Plasma polymerization of polypyrrole. Plasma polymerization reactions
were carried out in a home-built tubular glass inductively coupled (13.56 MHz) rf
plasma reactor, Figure 2.1." The reactor consisted of two cylindrical Pyrex tubes held
together by a 50 mm o-ring joint and a Thomas pinch clamp. Glass sleeves were
employed to reduce deposition on the reactor walls. An 8 2 turn, 10 gauge nickel-
coated copper wire was used for the inductor coil. Gases were introduced through a
single % inch port located directly in front of the inductor coil. Gas products were
removed from the system through a liquid N; cold trap by an Alcatel 2012A
mechanical pump at a speed of 4.2 Ls™'. Power was supplied to the inductor coil by
an Advanced Energy RFPP 5s power supply, which has a 13.56 MHz power range of
0-500 W. Films were deposited on substrates placed in the downstream of the reactor
3 cm away from the right end of the inductor coil. Substrates used were either KBr
pellets for Fourier transfer infrared spectroscopy (FTIR) or indium tin oxide (ITO)
conducting glass working electrodes for cyclic voltammetry (CV). Pyrrole (Acros,
C4HsN=67.09 g/mol, 99%; boiling point: 129 °C at 760 mmHg; modified Reid vapor
pressure: 0.25 p.s.i. (£ 0.05)) was purified several times before use by the freeze-
pump-thaw method to remove any residual gases dissolved in the pyrrole. Plasma
polymerization of pyrrole was performed for 5 minutes using a peak applied rf power,
P, =130 W, a 10% duty cycle (the ratio of on time to total cycle time multiplied by
100) and a system pressure of 110 mTorr (as monitored with a MKS Baratron
capacitance manometer). The continuous wave (CW) equivalent power of the plasma
is the product of the duty cycle and Pp; thus, a 10% duty cycle with P, =130 W
corresponds to an equivalent CW power of 13 W. Following film deposition,

substrates were removed from the chamber for analysis. For comparison to annealed
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Figure 2.1.  Schematic of the plasma reactor used for deposition of polypyrrole film.




films, some plasma-polymerized polypyrrole (PPPy) films underwent thermal
treatment for 1 hour at 300 °C under a nitrogen atmosphere.” The films were weighed
before and after thermal treatment to determine if significant weight loss has occurred.
Following thermal treatment, films experience only ~0.1-0.2% weight loss, indicating
the films are mostly intact following treatment.

2.1.2 Au nanotube synthesis. Polyester track-etch membranes (Whatman
Company) were used to form the Au nanotubes in this work. Although different
porous media can be considered, track-etch templates have several advantages
partially linked to their production process. This track-etch method entails
bombarding nonporous surface of polymer with energetic heavy ions, to create linear
damage tracks in the polymer, and then chemically etching these tracks into pores.>*
Consequently, randomly distributed cylindrical pores with uniform diameter can be
produced on the membranes. Pore sizes can vary from 10 nm to several pum with a
length to diameter ratio in the range 10-1000. Pore densities can approach 10° pores
per square centimeter.* The quality of the etch process depends on the energy
deposition density of the ion along its path, on the radiation sensitivity of the polymer,
on the storage conditions of the ion-irradiated polymer before etching, and on the
etchant. Most important storage factors are the atmosphere in which the material is
stored, the temperature and the illumination conditions during storage. For a typical
polyester membrane which has a monomer unit of -OOC-R-COO-R'-, main points of
etch attack are the partially charged -COO- ester groups in the damaged zone of a
latent track. These weaken ester groups are hydrolyzed by alkalis. During alkaline
etching the ordinary bond between carbon and oxygen is broken which produces —

COO- and HO' at the ends of the formed fragments.’
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In the present experiment, membranes used for synthesis of Au nanotubes
were ~11 pm thick, with a pore density of 2x10” pores/cm” and pore diameters of
1000 nm and were rinsed in methanol before use. Smaller diameter Au tubes (i.e. 200
nm) have also been produced. Au tubules were synthesized using electroless plating
template-synthesis methods described previously.*® This method involves applying
a sensitizer, Sn2+, to the membrane surfaces of porous polyester membranes. The
sensitizer binds to the surfaces via complexation with surface carbonyl and hydroxyl
groups. This sensitized membrane is then activated by exposure to Ag” resulting in a
redox reaction in which the surface bound Sn?" is oxidized to Sn** and the Ag" is
reduced to elemental Ag (Sn°":Ag = 1:2). As a result, the pore walls and membrane
faces become coated with discrete, nanoscopic Ag particles. The Ag-coated
membrane was then immersed in a Au” plating bath. The Ag particles are
galvanically displaced by Au since gold is more noble metal. Consequently, the pore
walls and faces become coated with Au particles. These particles are excellent
catalytic sites for the oxidation of formaldehyde and the concurrent reduction of Au”
to Au. As aresult, gold plating continues on the gold particles, with formaldehyde as
the reducing agent (2Au* + HCHO + 30H" — HCOO'™ + 2H,0 + 2Au), which results
in Au plating on the membrane surfaces and pore walls.”'® Finally, this yields a gold
microtubule within each pore; Au surface layers also form on both faces of the
membrane. The inner Au tubule formation within the pores was performed for 120
minutes at room temperature. One surface layer was removed from the Au plated
membrane by polishing with a laboratory tissue dampened with methanol. The
resulting Au microtubule-containing membrane was placed on a piece of Cu foil with
the intact Au surface layer down. This composite membrane was then immersed in

hexafluoroisopropanol (Aldrich) for 3-4 hours to dissolve the polyester membrane,
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freeing the ensemble of Au nanotubes, standing upright on the Cu foil. These tubules
were placed within the plasma reactor and PPPy films were deposited onto the outer
surface of each Au tubule.

2.1.3 Plasma reactor for diagnostics and DLC film deposition. Figure 2.2. is
a schematic of the new chamber we constructed for gas-phase analyses of our plasma
systems. Film deposition experiments and plasma diagnostics were performed in an
inductively coupled plasma reactor mated to the chamber. There are two cylinders
inside the plasma reactor; the height and inner diameter of each cylinder are 15 cm
and 5.5 cm, respectively. The top cylinder is made by stainless steel and has a shower
head structure used as gas inlet. The entire cylinder is grounded all time during the
experiments. Plasmas were produced by the inductive coupling of 13.56 MHz rf
power (RF5S, Advanced Energy) to an eight-loop induction coil surrounding the
bottom glass cylinder through a variable capacitor matching network. Reactant gases,
Ar (General Air, 99.99%) and CH4 (General Air, 99.99%) were used without further
purification. For CHa/Ar plasmas, the flow ratio was fixed at 15:85, and the gases
were premixed before entering the plasma reactor through the shower head. All
diagnostic experiments were conducted at pressures of 30 mTorr, 40 mTorr and 50
mTorr by varying CH, and Ar flow rates, and the P ranged from 30-150 W.

The main chamber is made of aluminum board (thickness = 0.5 in), and is
pumped by a 10 in diffusion pump (5300 L/s air, Varian Inc.) with a mechanical
backing pump (400 L/min, Alcatel). For all experiments, a base pressure of <2.0 x
10 Torr in the main chamber was achieved before collecting any data. The
expansion of the plasma into the differentially pumped main chamber takes place
sequentially through a 9.75 mm diameter hole at the bottom of the glass reactor and

through a metal grid (1x1 mm?) attached to the inner wall of the main chamber. This
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leads to a working pressure of < 1.0 x 10 Torr in the main chamber at all
investigated reactor pressures. The metal grid and main chamber were grounded at all
times to confine the plasma to the reactor. Ideally, an infinitely small orifice should
be used for ion sampling to prevent perturbation of the plasma. Minimum orifice
diameters are, however, restricted by the need for sufficient signal. With the present
orifice size (9.75 mm), the disturbances to ion energy result primarily from neutral
molecule density changes around the orifice. A transition from the higher density of
the plasma (< 50 mTorr) to the much lower density (10 Torr) of the chamber occurs
around the orifice. In the transition region, the presence of the orifice increases the
density of molecules on the downstream side of the orifice and decreases the density
of molecules in the plasma near the orifice. This effect increases the possibility of
ion-molecule collisions occurring after the ion passes through the orifice.!! Thus, the
ion energy may be disturbed from energy exchange via ion-neutral collisions.
However, the pressure in the main chamber is < 1.0 x 10 Torr when the pressure in
the reactor is lower than 50 mTorr. This suggests that beyond the transition region,
ions will not encounter further collisions in the main chamber due to the relatively
long mean free path (> 50 cm).

DLC films were deposited on rf biased substrates in the ICP reactor, as shown
in Figure 2.2. An aluminum substrate (25 mm diameter, 3 mm thick) was placed 30
mm below the tip of the Langmuir probe, perpendicular to the axis of the plasma
reactor. The substrate was capacitively coupled by an independently controlled 13.56
MHz rf generator (RF5S, Advanced Energy) through a matching network consisting
of a combination of two variable capacitors (500 pF, Jennings Inc.) and one inductor.
The substrate was not grounded during deposition. This leads to a positive floating

potential on the substrate during the deposition when no rf power is applied to the
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substrate. In this study, the substrate potential ranges from +50 V to -150 V by
varying the input rf power from 0 to 30 W. Silicon (100) wafers (15 mm x 12 mm X
1 mm) were mechanically attached to the substrate surface with good electrical
contact between the wafer and substrate. Prior to deposition, the silicon wafers were
bombarded with high-energy Ar" using a 110 W Ar plasma with -150 V self-bias
voltage for 15 min to remove the native oxide layer on the silicon wafer. To evaluate
the effect of ion energy on the properties of DLC films, the applied rf coil power and
reactor pressure were fixed at 90 W and 50 mTorr, respectively, to maintain an
approximately constant ion flux (small increases of ion flux may be induced by the
applied substrate rf powers). More methane rich (CH4:Ar = 50: 50) mixtures were
used to increase the deposition rate of DLC films. The deposition time was 10 min for
all films. The substrate temperature increased somewhat from bombardment of
energetic ions during deposition. However, the maximum temperature after a 10 min
deposition was < 150 °C, which does not significantly influence the properties of
DLC films."

2.1.4 Fourier transfer infrared spectroscopy. A Nicolet Magna 760 FTIR
spectrometer was used to characterize PPPy and DLC films. For all FTIR
measurements, N, purging was used to reduce absorption from atmospheric moisture
and CO,. FTIR spectra of PPPy films deposited on KBr pellets were obtained using
with 8 cm™ resolution and 30 scans. For the plasma deposition of DLC films, Si
wafers were used as substrates. The hydrogen content in DLC films deposited at
different self-biases was evaluated by FTIR spectra (1 cm™ resolution, 200 scans per
spectrum). The final absorbance intensity was normalized by the film thickness to

negate the influence of film thickness.
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2.1.5 Scanning electron microscopy. SEM images of all materials were
obtained using a JEOL JSM-6500F microscope with an accelerating voltage of 5-15
keV. Prior to SEM analysis, the samples were affixed to a standard SEM sample stub
by double-sided carbon tapes. To prevent surface charging during SEM analysis, a
thin film (5-20 nm thick) of Au was sputtered onto the surface of all samples prior to
imaging. In Chapter 4, DLC film thicknesses were determined from SEM cross-
sectional images with a 15 keV accelerating voltage.

2.1.6 X-ray photoelectron spectroscopy. XPS analyses were performed on a
Physical Electronics PES800 ESCA/AES system. Spectra were collected using a 2
mm monochromatic Al K, X-ray source (1486.6 ¢V), hemispherical analyzer, and
multichannel detector. A low energy (~1 eV) electron neutralizer was used for charge
neutralization. Survey spectra were collected with a pass energy of 187.85 eV. High
resolution Cis and Ny spectra were acquired at an analyzer pass energy of 23.50 eV.
Curve fitting was performed using Gaussian functions with the FWHM (full width at
half maximum) of < 2.5 eV, which is expected for plasma polymers."”> All the
binding energies were referenced to the peak of a carbons in the ring of pyrrole at 285
eV. A photoelectron take-off angle of 45° with respect to the sample surface was used
for all spectra. The sampling depth is ~ 5 nm at this take-off angle.

2.1.7 UV-Vis spectroscopy. UV-Vis spectra of the PPPy films were obtained
on a Varian Cary 500 UV-Vis spectrometer with the samples normal to the probe
irradiation. A simple check of the optical activity of our samples was performed by
examining changes in the intensity of the light source as a function of sample rotation
with respect to a second sample. No change in signal intensity was observed,

indicating our samples were not optically active.
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2.1.8 Cyclic voltammetry. CV on the PPPy materials was performed using an

Epsilon EC potentiostat. The cell was composed of PPPy deposited on an ITO plate
(1x1 cm?) as the working electrode, a Pt wire counter electrode, and an Ag/AgCl

reference electrode. The electrolyte was 0.1 M LiClOy in acetonitrile non-aqueous
solution.

2.1.9 Atomic force microscopy. The surface roughness of the hydrogenated
DLC films was measured using atomic force microscopy (AFM) (Digital Instruments)
operated in air in tapping mode. Silicon tips (MikroMasch) with a 40 N/m force
constant and 170 kHz resonant frequency were used. The displayed z scale for all
images was fixed from 0 to 20 nm, and 2 x 2 pm areas were imaged.

2.1.10 Hardness measurements. The hardness and Young’s modulus of the
DLC films were determined by Nanoindenter XP (MTS Systems Corporation) using a
diamond tip (Berkovich), which was operated in dynamic control module (DCM)
mode. Replicate indentations (40) were performed on each film sample and the

hardness and Young’s modulus were calculated from loading curves.

2.2. Diagnostics of plasma gas-phase physics

2.2.1. Mass spectrometry. Mass spectral data of pyrrole plasmas were obtained
by a mass spectrometer (Dycor 100) mated to our imaging of radicals interacting with
surfaces (IRIS) high vacuum apparatus, Figure 2.3." On this apparatus, a plasma

tube nearly identical to the ones used for our polymerization studies is used as the

source for a molecular beam, discussed further in Section 2.3.1. For mass
spectrometry studies, the mass spectrometer is directly in line with the plasma
molecular beam, well downstream of the plasma source (~20 cm) in a differentially

pumped chamber. The mass spectrometer can be operated with or without an ionizing
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potential. When the ionizer is on, an accelerating potential of 70 eV was used
between the filament and the anode of the mass spectrometer. In this configuration,
spectra of all the species in the plasma molecular beam (including neutral and ionic
plasma species as well as species resulting from fragmentation in the ionizer) are
collected. When the ionizer of the mass spectrometer is turned off, nascent ions
generated in the pyrrole plasma are detected.

The mass spectrometer used for [ED measurements is also shown in Figure
2.2. The mass spectrometer probe (PSM003, Hiden Analytical Ltd) consists of a
combination of ion extractor, electron-impact ion source, Bessel box energy filter,
triple-section quadrupole mass filter (QMF) and secondary electron multiplier. The
probe is surrounded by an aluminum cylindrical cover with a § mm diameter hole in
the center of the top surface. The distance between the plasma reactor hole and top
surface of the probe cover is 5 cm, which is much less than the mean free path (> 50
cm) in the main chamber under the present operation conditions. To sample ions and
neutrals, a vacuum sealed skimmer located 2 mm below the hole of the probe cover
was attached to the end of the mass spectrometer. The diameter of the skimmer is 300
pm in the present studies. Ions created in the plasma sequentially pass through the
reactor hole, grid, probe cover hole, and sampling orifice, and eventually enter the ion
energy analyzer of the mass spectrometer. A base pressure of ~ 8 x 10 Torr inside
the MS was achieved by using a 60 L/s turbo molecular pump backed by a 400 L/min
mechanical pump. With the 300 pm sampling orifice, the pressure in the mass
spectrometer probe was maintained at <9 x 107 Torr during experiments, which is
much lower than the minimum required pressure (5 x 10°® Torr) for operating the ion
detector. Moreover, the low pressure environment in the mass spectrometer probe

increases the mean free path of the sampled species to prevent gas-phase ion-molecule
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collisions and ensures that no disturbance of ion energy occurs inside the probe. For
ion analysis, the internal ionization source was disabled and the front lenses were used
to extract ions from the plasma molecular beam and focus them into the mass filter.
The source region is held at the mid axis potential of the gauge. The QMF identifies
various ions according to their mass-to-charge (m/z) ratio and the IED is measured
individually for each m/q selected ion. Each IED measurement was repeated three
times. The rf head which contains the rf generator circuit and the detector
amplifier/discriminator was directly mounted on the probe vacuum feedthrough.
Power and control signals were fed to the rf head via a series of cables housed in a
conduit connecting to the mass spectrometer interface unit (MSIU). The operating
settings of each component of the mass spectrometer were computer-controlled by the
software ‘MASsoft’ provided by Hiden Analytical.

2.2.2. Langmuir probe measurements. The experimental arrangement for
Langmuir probe measurements is shown in Figure 2.2. A double probe (Smart Probe,
Scientific System Ltd) was used in this work to measure the plasma potential (V}),
electron temperature (7,), electron density (#.), ion density (»;), electron energy
distribution function (EEDF) and Debye length (1p) of Ar and CH4/Ar plasmas. The
Langmuir probe was encaged in a cylindrical and hollow alumina tube (470 mm in
length). A tungsten wire, 10 mm in length and 0.19 mm in diameter, was used as the
probe tip, and located 10 mm below the bottom end of the stainless steel electrode. It
was necessary to use a smaller probe tip to minimize perturbation to the local plasma
and to draw low current to prevent overheating and melting of the tip.'"” The entire
probe was inserted into the plasma reactor along its central axis. A ring shaped
reference probe was used to track and compensate any low frequency DC shifts in the

plasma potential. A pair of inductors situated close to the probe tip are self-resonant
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with their intrinsic capacitance close to the driving rf frequency (13.56 MHz) to
compensate for rf variation.'® During the operation of the probe, a continuous flow of
dry air was used to cool the inductors placed inside the probe and the probe holder to
prevent overheating by resistive heating or thermal conduction from the probe tip.

Langmuir probe measurements were performed as follows. The sweep voltage
applied to the tip started at -95 V and ended at a voltage just above the plasma
potential. Therefore, the resulting I-V curve covered the range from the ion saturation
current to the electron saturation current. At each bias point, the measurements were
performed twenty times to yield one data point. Five cycles of sweeps were then
repeated to yield one smooth I-V characteristic. To obtain good measurements, a
cleaning routine was conducted by pulse biasing the probe to 100 V. Thus, possible
contamination layers on the probe surface were removed by the bombardment of
electrons with high kinetic energy. When a I-V scan was started, a clean cycle with a
2 s duration and 2 s interval was performed before the first sweep was acquired and
then subsequent cleans were performed at the clean interval period until the [-V scan
was completed.

Although Langmuir probes are fairly straightforward to operate, analysis of
Langmuir probe data is quite complicated because there is no universal method to
interpret the data. In the present study, the data analysis was completed with a data
analysis software (SmartSoft) based on well established theories."” Vp is determined
from the cut-off point on the voltage axis by the second derivative I” of the I-V curve,
i.e. &I/dV? = 0. On the I-V curve, the floating potential (V) is the voltage at which
the current is equal to zero. The electron temperature is calculated by using the
current measured at the plasma potential, /(7},) and dividing it by the integral of the I-

V curve from Vyto V), i.e.

30

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



) 1

[ 107 A M

The method used here to calculate k7, is less sensitive to noise than the more common
technique of calculating &7, by dividing I(V}) by the derivative of the I-V
characteristic.!” The electron number density, n,, is calculated from the current

measured at the plasma potential using following equation:

I(Vp) 2mne 1/2
h, = 7
A, | e“kT,

14

@)

4, is the area of the probe tip, m, is the mass of electron, e is the electronic charge and
kT, is the electron temperature in eV. The Debye length, Ap, which develops around

the probe, is calculated from the electron temperature using the equation 3:

1/2
7y = [fk—T} @)

e’n,
To measure the ion saturation current, a large negative bias is applied to the probe

with respect to the plasma potential. The sheath which develops around the probe tip

expands when a voltage is applied. To account for this effect, Laframboise theory is
used to calculate the ion density (#)."” First, the ion current can be roughly

described by:

V_Vp y+
I+ R a+ kT I+lh (4)

where a. and y. are sheath expansion factors depending on the ratio between the
radius of the probe 7, and the Debye length Ap and 1. is the ion thermal current,

defined as:

1/2
1, =eni+|: e+j! Ap )
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The expansion factors a. and y. are obtained by calculating the ion thermal current at
a default voltage of -50 V. At this voltage, the collection of highly energetic electrons

can be neglected:

I (I onvoltage=—50V )

I+th = V _ Vp Ve (6)
a
+ k]’;
The ion density is further estimated by:
I 2 ¥ 1/2
R )
A, | €7k,

where m; = 40 is used to calculate the ion density in argon plasmas and the mass of
the most dominant ion is used in calculating #;" in CH4/Ar plasmas. Electron energy
distribution functions, n(s) expressed in cm>eV>?, yield information on the energy
available for excitation or ionization of the discharge gas. The EEDFs in the present

study are not fully Maxwellian and best described by a Druyvesteyn distribution,

1/2
|:2mesJ ®)

e

ne)=nf(e)=

21 e
eAP

where the energy e=V-V,, V is the applied bias voltage to the probe tip; I, is the
second derivative of the electron current with respect to the electron energy &; f(g) is
the normalized EEDF. During the EEDF measurements, I, of the I-V characteristic

is calculated numerically and averages over 1000 current values at each point on the I-

V curve.

2.3. Gas-phase energetics of radicals and radical-surface interactions
2.3.1. IRIS data collection. The IRIS apparatus, Figure 2.4, has been described

in detail previously.'®*?' Briefly, a combination of molecular beam techniques and
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Figure 2.4.  Schematic of the IRIS apparatus. The ICCD camera is located

perpendicular to the plane of intersection and directly above the interaction
region. Spectral scattering of the molecules off the substrate is illustrated.
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laser-induced fluorescence has been used to investigate the steady state surface
reactivity of gas-phase species during plasma processing of a surface, as well as the
gas-phase energetics of the species as a function of different plasma parameters, such
as applied rf power, pressure, and gas composition. In a typical IRIS experiment, the
feed gases enter the rear of a glass reactor tube, 13.56 MHz rf power is applied to an
inductor coil and a plasma is produced. Expansion of the plasma through a series of
collimating slits into a differentially pumped high vacuum chamber generates an
effusive molecular beam consisting of virtually all species present in the plasma,
including the species of interest. Using spatially and temporally resolved LIF allows
the study of either the interaction of the radicals with surfaces or the speed of the
radicals in the molecular beam. For reactivity measurements, the LIF intensity of a
freely expanding molecular beam is compared with the LIF intensity of a molecular
beam that is directed onto a substrate. The difference in LIF intensity is directly
proportional to the amount of radicals scattered and/or created at the substrate’s
surface. For speed measurements, “snapshots™ of the LIF intensity of a freely
expanding molecular beam are taken at different delays after the laser excitation pulse.
The speed of radicals can subsequently be deduced from the spatial movement in
maximum intensity of the fluorescence between the different delays.

A tunable excimer-pumped (Lambda Physik LPX210i, XeCl, 100 mJ/pulse,
100 Hz) dye laser beam intersects the plasma molecular beam at either 45° or 90°
downstream from the plasma source and excites SiH or CH radicals, depending on the
plasma system. A lens is used to focus the laser radiation at the position of the
molecular beam, yielding a well-defined laser beam < 1 mm wide. Spatially and
temporally resolved LIF signals are collected by an electronically gated, intensified

charge coupled device (ICCD) located perpendicular to both the molecular and the
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laser beam, directly above the interaction region. SiH and CH fluorescence was
collected by a set of two lenses, with focal lengths of 300 and 75 mm, imaging a 2664
mm? area onto the 512 x 512 pixel array of the ICCD. For CH measurements, a 8 nm
bandwidth interference filter centered at 425 nm was placed between the ICCD
camera and the vacuum chamber to reduce spurious signals from scattered laser light
and plasma emission. No interference filter was used for the SiH measurements.

The plasma is produced by the inductively coupling of 13.56 MHz rf power
(20-200 W) to an eight-loop induction coil surrounding the glass plasma reactor and
tuned by a variable capacitor matching network. In Chapter 5, the total pressure was
maintained at 50 mTorr for the SiH4/Ar and Si;H¢/Ar mixtures. Silane (Voltaix,
99.999%), disilane (Voltaix, 99.99%) and argon (Air Products, 99.999%) were used
as feed gases. For mixtures, the fraction of SiH, or SioHs is defined as the ratio of the
flow rate of SiH,4 or Si;Hs to the flow rate of Ar. For all experiments, the applied rf
power was 60 W. Exalite 417 dye (Exciton) was used in the dye laser to probe the
SiH A’A—XI1 transition. The output laser energy with this dye was typically 3-7
mJ/pulse. Rotational lines Q, (/= 10.5) at 413.418 nm and R; (J=2.5) at 413.428
nm were used for the rotational temperature measurements because the relatively
large difference in rotational quantum number means the relationship between these
two peaks is sensitive to @g. The R;, (/= 1.5) rotational line at 414.438 nm was used
for translational temperature measurements because of its higher LIF intensity.

Measurements of the SiH LIF signal intensity as a function of laser energy yielded

typical optical saturation behavior. All reactivity and speed experiments were
performed at laser energies in the optical saturation regime such that the

measurements are not affected by small fluctuations in laser power.
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In Chapter 6, the source of the molecular beam is a plasma consisting of either
100% CH4 (General Air, 99.9%) or CHy/Ar (General Air, 99.9%) mixtures with Ar
fractions of 0-20%. The total gas flow was maintained at 30 sccm leading to source
pressures of 45-55 mTorr. The molecular beam was collimated by two slits, 1.08 and
1.23 mm wide, with the second slit 12 mm downstream from the first one. Coumarin
440 (Exciton) was used to excite the CH A’A — X”I1 transition. For reactivity and
speed measurements, the laser was tuned to 430.404 nm (~12 mJ/pulse),
corresponding to the R;(J=1) rotational line of the CH A’A «— XIT transition.

2.3.2. Reactivity measurements. For CH reactivity measurements, the laser
radiation is directed into the chamber such that it intersects the molecular beam at a
45° angle, Figure 2.4. A substrate (25 x 40 mm? p-type Si wafer with the polished
side facing the molecular beam) can be rotated into the path of the molecular beam
with its surface parallel to the laser beam. The laser-surface distance is maintained at
~3 mm. LIF signals are collected with the surface out of and in the path of the
molecular beam. Comparisons between the spatial distribution of scattered and
incident molecules are used to determine the surface reactivity of the species of
interest. A gate width of 2000 ns was used such that the fluorescence is collected
over the entire radiative lifetime of the CH AA state (538 + 5 ns).” The pixels were
4 x 4 binned to increase the signal-to-noise ratio. Each image consists of 6000 laser
pulses. Multiple sets of data were taken with the surface alternating in and out of the
molecular beam path. Background images were taken with the laser tuned to an off-
resonance wavelength (430.2 nm) and subtracted from each image. Subsequently, the
image with the surface out of the molecular beam path is subtracted from the image
with the surface in, yielding the signal resulting from scatter of CH at the substrate

surface. One-dimensional cross sections were formed by averaging 15 pixel columns
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along the laser axis and plotting signal intensity as a function of distance along the
laser path.

Spatially resolved LIF data are interpreted using a quantitative model of the
experiment that produces the surface reactivity of the CH radicals. The simulation

1820 The model is based on the

program has been described in detail previously.
known geometry of the experiment and calculates the spatial distribution of the

radical number density in the molecular beam at the interaction region as well as the
radical number density along the laser beam for molecules scattering from the
substrate surface. The scattering coefficient, S, defined as the ratio of the flux of
scattered molecules to that of the incident beam, is adjusted to best fit the

experimental data. The surface reactivity, R, is defined as 1-S.

2.3.3. Rotational temperature measurements. The rotational temperatures of
SiH and CH were measured by collecting SiH and CH fluorescence excitation spectra
with the ICCD images 4x4 binned to increase the signal-to-noise ratio. The gate
delay and gate width of the ICCD camera were set at 205 ns and 2000 ns, respectively.
These settings allow for the collection of fluorescence over the entire radiative
lifetimes of the A”A states of SiH (534 ns)® and CH (538 ns).2 The rotational
temperature of SiH is deduced from the relative height of the neighboring Q, (/= 10.5)
and R, (J = 2.5) rotational lines at 413.40 nm and 413.45 nm, whereas ®g of CH is
deduced from the relative height of the neighboring R; (J=1) and Q, (J=14.5)
rotational lines at 430.042 and 430.067 nm. The excitation LIF spectra of SiH and
CH were scanned with a laser step size of 0.001 nm in wavelength, and 1500 and
1000 laser shots per step for SiH and CH, respectively. The final @ is determined
from simulations of these rotational lines using the LIFBASE program at different

temperatures until a best fit to the experimental data is obtained.**
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The measurements of rotational temperatures of molecules using excitation
LIF spectra have been discussed previously.” Briefly, the rotational energy for a

diatomic molecule at Jth level is quantized as shown in equation 9:%°

h2 h2
E(J)=o J(U+D =~

J(J+1)=BJ(J +1) ©)

2

(4

where, I is the rotational moment of inertia; y is the reduced mass for a diatomic
molecule AB, 4 = msmp/(m4 +mp); R, is the equilibrium distance between two atoms;
J is the rotational angular momentums, J = 0,1,2,...; B is the rotational constant, B =
h/87°cuR.? in units of cm™. The rotational selection rules are: 1. the molecule must
have a permanent dipole moment (u # 0); 2. AJ ==+1; 3. AMJ =0, 1, a rule which is
important only if the molecule is in an electric or magnetic field.”’

The population N, of the Jth level relative to Ny is obtained from Boltzmann’s

distribution law:*’

N, _E W), _ _
T eXp(-—7) = 2 + Dexp(~BJ(J +1)/T) (10)

where, g; is the degeneracy of the Jth level, g;=2J+1. Since the intensity of
absorption of radiation is directly proportional to the number of molecules in the
absorbing state, which is, in turn, governed by Boltzmann’s distribution,

I, <N, < 2J+1)exp(~BJ(J+1)/kT) (1)
where, I is the absorbance intensity of the Jth level. When an excitation scan is
performed in a single vibrational band, the rotational temperature can be determined

from the linear plot that relates LIF intensities to the energy of the ground-state

rotational levels, equation 10:%

1, =(2J +)exp(~E, (J)/ kT)B,,®C (12)
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where, B); is the Einstein absorption constant between levels of the transition; C is an
experimental constant; £ is the Boltzmann constant; J is the rotational quantum
number in the ground state; and ¢ is the fluorescence quantum yield. The final
determination of rotational temperatures in the present studies is obtained by

performing two-line excitation scans (absorbance intensitiesare [, ;, and I, .,
17v2

respectively):”

0, =T, =- Er(,Jl)_.Er(Jl) (13)
kln(Bu (Jl - J2)¢J'2ng' IJ, -J,

Blz (Jl - J2)¢J2 g.ll I_]l -J;

where, k is the Boltzmann constant; J and J' refer to the two different transitions;

B,(J,-J,), &, ¢,,-and I, _, are the Einstein absorption constant (lower level-

higher level), the rotational degeneracy (lower level), the fluorescence quantum yield
(higher level), and the absorbance intensity (lower level-higher level) for the Jth
transition, respectively. To determine the rotational temperatures of SiH and CH, the
excitation scans of two neighboring rotational lines were performed. The rotational
quantum numbers of these two rotational lines are quite different, which is well suited
for the determination of ®g because the relative LIF intensities of these two rotational
lines are sensitive to small changes in @

2.3.4. Speed and translational temperature measurements. The speed
measurements in the present studies were conducted in molecular beams formed from
plasmas. There are two main types of molecular beams, effusive and supersonic
expansion. They are both produced from a bulk gas passing through a small hole into
a vacuum. The two types of beams are produced by changing the pressure and the
dimension of the hole. An effusive beam is produced when the mean free path in the

bulk gas is much larger than the dimensions of the hole. The molecules can therefore
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leave the source without collisions with other particles and the energy distribution of
the molecular beam is therefore given by the energy distribution of the bulk gas.28
However, a supersonic beam can be created when the mean free path in the bulk
becomes smaller than the dimensions of the outlet at higher source pressure. Many
collisions then take place as the gas exits the source and expands into vacuum. These
collisions result in energy transfer from the perpendicular kinetic energy components
to the parallel kinetic component. In the case of molecules, energy will also be
transferred from the internal energy modes, rotations and vibrations, to the parallel
kinetic component.?®

In our IRIS apparatus, the pressure inside the plasma reactor is maintained at ~
50 mTorr (the mean free path is ~ 1 mm). The plasma is expanded into the first
differentially pumped region through a 9.5 mm diameter orifice leading to a pressure
of ~ 5 x 10™ Torr in this region. The molecular beam is subsequently collimated by
two ~ 1 mm wide slits entering the second differentially pumped region. The typical
pressure in this region is maintained below 10 Torr during experiments.
Considering the dimensions of the gas extraction orifice (9.5 mm) and the slit widths
(~ 1 mm), this means that the molecular beam in the high vacuum chamber is best
classified as collisionless “near-effusive”.” Therefore, the measured speeds of SiH
and CH in the molecular beams approximate the random speeds of SiH and CH in the
plasmas and that this can be used to study the kinetic translational temperatures of
SiH and CH in the plasmas.

For speed measurements, the laser is directed into the high vacuum chamber
such that it intersects the molecular beam at a 90° angle, Figure 2.5. To improve
spatial and temporal resolution, the ICCD pixels are not binned and a short gate width

of 100 ns is used for speed measurements. For high accuracy of the measurements,
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the molecular beam at a 90° angle.
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time delays are preferentially taken as high as possible. However, this is limited by
the radiative lifetimes of SiH and CH. For SiH experiments, the ICCD images were
taken at four different delays, typically 205, 505, 805, and 1105 ns after the laser
pulse and the LIF signals were collected for 8 or 12 accumulations of 10* laser shots
at each time delay. In Chapter 6, these ICCD images were taken at 205, 705, 1205,
and 1705 ns after the laser pulse for CH excitation with 5 to 8 accumulations of 6,000
laser shots at each time delay. Background images obtained with an off-resonance
laser wavelength were subtracted from the on-resonance images. One-dimensional
cross section plots were made by averaging over 100 rows (10.08 mm) of pixels
perpendicular to the laser beam and plotting signal intensity as a function of distance
away from the laser beam path. This leads to “snapshots” of the spatial position of
the LIF intensity at four different time delays. Because only relatively short time
delays could be used in both SiH and CH systems, the spatial movement at different
time delays is not obvious. Therefore, to accurately determine the peak positions of
LIF intensity, a symmetrical laser spatial profile is assumed and the plot is fitted by a
Gaussian function. As described previously,' the peak positions are then plotted as a
function of time delay and fit with a linear regression. The slope of this linear fit
yields the average speeds of SiH and CH along the center axis of the molecular beam.
The translational temperatures can be calculated from the average speeds as
noted above (@7=rmv’/8k, where m is the mass of the radical and k is Boltzmann

constant).”’30

Note that the average speed obtained by this method is considered as a
lower limit because radicals are also moving in radial directions. To account for this,
a Monte Carlo simulation program is used to simulate the spatial LIF intensity of SiH

and CH along the molecular beam’s central axis. This model assumes a Gaussian

laser beam profile and calculates its time evolution using a Maxwell-Boltzmann
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distribution of molecular speeds within the molecular beam. As the molecular beam
is well-collimated in the direction of propagation, the molecular speed distribution is

described by a Maxwell-Boltzmann distribution of speeds:'

N - 3/2 ,
LA 47[ j v2e—mv /2kT (12)
N 27kT

where N, is the number density at the speed (v); m is the mass of molecule; £ is the
Boltzmann constant; and 7 is the translational temperature, ©r. Curves are calculated
for different @7 using a statistically significant number of pseudorandom numbers and
are normalized to the same peak height. Other than the peak height, there are no
adjustable parameters in the model. The @rthat best describes the data is determined
by nonlinear least square regression analysis.>® The peak positions of the simulated
data are plotted again as a function of time delay and the slope is compared with the
experimentally obtained value. The procedure is repeated at different temperatures
until a best fit is obtained, yielding the final translational temperatures of SiH and CH

in the plasma.
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CHAPTER 3

SYNTHESIS AND PROPERTIES OF PLASMA-POLYMERIZED

POLYPYRROLE/Au COMPOSITE NANOFIBERS

Reprinted with permission from Jie Zhou and Ellen R. Fisher, J. Nanosci. Nanotech. 4,

539-547, 2004

This dissertation chapter contains results from a paper published in the
Journal of Nanoscience and Nanotechnology. The manuscript was written by Jie
Zhou and edited by Ellen R. Fisher. This chapter describes the chemical, structural,
and electrochemical characteristics of a nanostructured composite material formed
from plasma-polymerized polypyrrole-coated Au fibers. Additionally, the effect of

thermal treatment on the electrochemical properties of the polypyrrole films was

studied.
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3.1. Introduction

Polypyrrole (PPy) is an intrinsically conducting polymer that has attracted the
attention of researchers for many years,™ primarily because of the numerous
applications potentially available through its electrical properties. For example, PPy
films have recently been evaluated as gate materials for polymer-based FETs (field-
effect transistors).” Traditional materials used in electrical applications (metals and
silicon-based semiconductors) may be replaced by PPy films in the future because of
advantages in physical properties, cost, and ease of production with PPy materials.
Since the first demonstration of a polythiophene FET by Tsumura in 1986,° PPy-
based FETs have been actively investigated for their potential applications as matrix-
array drivers of large area LCD panels.’ PPy films can also be used in electro-optic
devices and as coatings for gallium arsenide (GaAs) and silicon semiconductor
electrodes.” The conduction mechanisms of PPy films have been studied extensively.
The neutral forms of the polymers are generally not conductive but rather large band
gap insulators. By oxidizing or reducing the polymer, either chemically or
electrochemically, conductivity is obtained. This process is sometimes called
“doping” but is different than the usual doping of semiconductors. The conduction
comes about from the production of polaron (low doping) and bipolaron (high doping)
states in the gap of the polymer. Chemically these states are equivalent to a radical
and a diradical. Conductivity is via propagation of the polarons through the polymer
which may be thought of chemically as shifting of the double bonds.

Many methods are used in the synthesis of polymer films, such as traditional
chemical polymerization,” electrochemical polymerization,® and chemical vapor
deposition (CVD).*’ Recently, plasma polymerization or plasma-enhanced CVD

(PECVD) has also been used to prepare semiconducting polymer films.”'*'? Plasma
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polymerization utilizes an ionized gas produced by a gaseous electric discharge. In
non-equilibrium plasmas, the gas temperature may be near ambient (<1000 K),
whereas the electron temperature is high enough (~10° K) that the electrons can
rupture molecular bonds.">'* When an organic vapor is used to form a plasma, the
deposition of polymeric films onto an exposed surface is often observed.” Radicals
resulting from the collision of the organic monomer molecules and high energy
electrons can combine on surfaces to form the polymeric materials.'* In some
instances, polymerization takes place in the gas phase of the plasma. Advantages of
this technique include good adhesion of the film to the substrate, solvent-less
processing requirements, production of “pinhole-free” films, and the ability to form
copolymers from monomers with very different chemistries.'*'>'*!® Conversely,
branching and crosslinking of the polymer film can adversely affect the structure and
conductivity of the polymer.!” Pulsed-plasmas have also been used to synthesize
polymer films. With pulsed-plasmas, high retention of the monomer functional group
can be achieved because of the milder pulsed conditions that limit the film’s exposure
to high energy plasma species.'

There is a considerable interest in nanoscale materials with novel or enhanced
physical and chemical properties.'®!® In general, many of these studies are driven by
the desire to improve mechanical, magnetic, or electrical properties of the
materials.**® These materials have wide-ranging implications to a variety of areas

including chemistry, physics, electronics, optics, and biomedical science.? Recently,
template-directed synthesis is one of the major strategies used to construct new
nanomaterials.”'>* This method typically entails synthesizing the desired material
through electropolymerization,>*2 CVD,?*?*? and solution-phase electroless

23,26

deposition™” within the pores of membranes. Compared with conventionally

49

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



prepared PPy, conductive microtubules exhibit different properties, specifically a
higher degree of molecular and supermolecular order resulting in better electrical
conductivity.'**" Also, the diffusion-limiting kinetics of polymer electrodes are
strongly influenced by the nature of the surface between the electrode and electrolyte
interface.>*® Hence, the exploration of the properties of conducting polymers coated
on open or closed nanotubular materials has attracted many scientists.>* These
unique nanostructures have potential applicétions in many areas including electronics,
functional devices, and nano-biomolecular applications.>>*° Here, we explore the
combination of plasma polymerization to produce PPy films (PPPy) coated on Au

tubules, creating a composite nanostructured material.

3.2. Results and Discussion

3.2.1. Spectroscopic analysis of PPPy films. It is well known that the extent of
plasma polymerization of a monomer largely depends on the pressure in chamber,
applied rf power, rate of monomer flow, addition of carrier gases and the position of
the substrate in the reactor. The rate of polymerization via a free radical mechanism
depends on the square root of initiator concentration and varies directly with
monomer concentration."> Figure 3.1 shows FTIR spectra of films deposited in
pulsed plasmas (P, = 130 W) as a function of the duty cycle of the plasma. These
spectra clearly show that decreasing the duty cycle of the plasma leads to increased
retention of the pyrrole ring. This is demonstrated by the increase in the =C-H in-
plane deformation (1037~1096 cm™)’ and the =C-H out-of-plane deformation (740
cm™')’ as the duty cycle decreases. Both of these vibrations indicate an increase in the
aromatic ring breathing of pyrrole. Furthermore, the decrease in the C=N stretch

(2219 cm™") and the aliphatic C-H stretching at (2900 cm™), which come from the
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Figure 3.1.  FTIR spectra of PPPy films deposited using pulsed plasmas
with P, = 130 W and duty cycles of (a) 30%, (b) 20%, and (c) 10%.
Spectra have not been normalized, but spectra a and b are offset from their
baseline.
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partial ring —opening reactions of the pyrrole monomer, is consistent with the
hypothesis that increasing the applied plasma power (equivalent CW power) results in
more ring-opening reactions.”” When the pyrrole rings are broken, branching and
crosslinking reactions tend to occur predominantly.®® Thus, increasing the duty cycle
of the plasma leads to increased branching and crosslinking.

The PPPy films deposited on ITO glass substrates in our lab were quite
uniform, thin and pinhole-free. However, they were also soft, easily scratched, and
peeled from the surface in the LiClO4/acetonitrile electrolyte solution, making it
difficult to perform cyclic voltammetry on these materials.’ It has been reported that
thermal treatment of PPPy films can increase the stability and electrical properties.’
For this reason, thermal treatment of the PPPy films was performed at 300 °C, under
N, atmosphere for 1 hour. Thermally treated PPPy films were darker in color and
stable enough to endure repeated CV scans in the LiClO4/acetonitrile solution. The
FTIR spectrum of the thermally treated PPPy film is shown in Figure 3.2a. Compared
to the as-deposited PPPy film (Figure 3.2b), the thermally treated material has an
extremely wide absorption band at ~1600 cm™ indicating the conjugated structure is
significantly increased in these materials. In contrast, the C=N stretching at 2219 cm’
'and the aliphatic C-H stretching at 2900 cm™ is decreased in the spectrum of the
thermally-treated materials. This suggests that the thermal treatment results in
retention of unsaturated chains of PPy and removes low molecular weight fragments
in the PPPy film caused by the plasma polymerization process.

The UV-Vis spectra of as-deposited and thermally-treated PPPy films are
shown in Figure 3.3. Both films exhibit broad absorption bands above 400 nm, with
some underlying structure, indicative of a conjugated system with heteroatoms.'® The

as-deposited film has several broad absorption bands nominally centered at ~290 nm,

52

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



0.24

unsaturated

S " thermally-treated structures

I 0.18 - a
<

<P

[P

§ 0.12 1
"E | as-deposited b
(=]
2 006+~ /I A SV A
<

000 ———mMm8M8m8 ————
4000 3500 3000 2500 2000 1500 1000

Frequency (cm'l)

Figure 3.2.  FTIR spectra of PPPy films, (a) after thermal treatment, (b)
before thermal treatment. The thermal treatment lasted for one hour at 300 °C
under a nitrogen atmosphere. Spectra have not been normalized, but spectra a
and b are offset from their baseline.
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Figure 3.3.  UV-Vis spectra of PPPy films as-deposited and thermally-
treated PPPy. Thermal treatment was for 1 hour at 300 °C under N,
atmosphere.
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340 nm, 400 nm, and 500 nm. There is, however, only a small absorption at
wavelengths above ~500 nm. Both experimental and theoretical studies of the
HOMO-LUMO gaps for pyrrole oligomers have shown that the absorption band
centered at 400-435 nm correlates to long chain polypyrrole.®’* The absorption
bands at lower wavelengths correspond to the coexistence of both neutral and charged
oligomers. Also, the band centered at 500 nm has been associated with the existence
of a bipolaron band,* as well as with a shorter chain polypyrrole.’** In contrast to
the as-deposited film, the annealed film exhibits a strong absorption band at the higher
wavelengths. This suggests the thermally treated material has more wide-range
conjugation, in agreement with the FTIR data.

Survey XPS spectra showed that both the thermally treated and the as-
deposited films contained low concentrations of oxygen (<6%), primarily as a result
of oxidation reactions post deposition. XPS high resolution C;s and N spectra for
as-deposited and thermally treated PPPy films are shown in Figure 3.4. All the
binding energies were referenced to the peak of a carbons in the ring of pyrrole at 285
eV. The C;spectrum for the as-deposited film is rather broad and asymmetric on the
high binding energy side, Figure 3.4a. Line shape analysis reveals that the C;s peak
can be decomposed into three lines. The lowest energy component is at 283.7 eV

(FWHM=1.84 eV, 20.0%) and can be attributed to B carbons in the pyrrole ring.*®
The line characteristic of the o carbons in the ring is located at 285.0 eV

(FWHM=1.96 eV; 50.5%).>® The third line located at 286.3 eV (FWHM=2.34 ¢V;
29.5%) is relatively broad and is likely an overlap of C=N, carbonyl groups or carbon
bonded to oxygen.>’ The N, spectrum for the as-deposited film also contains three

components, Figure 3.4b. The line centered at the lowest binding energy, 398.4 eV
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Figure 3.4.  High resolution XPS C;s and N, of as-deposited and thermally-
treated PPPy films. Dashed lines represent the curve fits to the data using
Gaussian line shapes. Thermal treatment was for 1 hour at 300 °C under N,
atmosphere.
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(FWHM=2.06 eV; 25.1%), results from =N-; whereas the largest component in the
spectrum at 399.6 eV (FWHM=2.11eV; 70.0%) is assigned to ~NH- and C=N.*’ The
third line at 400.7 eV (FWHM=2.32 eV; 4.9%) is from nitrogen atoms that are more
positively charged than the nitrogen atoms of the main pyrrole peak.’’*® In general,
the presence of three peaks in the Njs spectrum is indicative of the neutral form of
polypyrrole.* For the 401 eV binding region of the Nys core level, it has been shown
that shifts of ~5.8 eV per unit charge occur.*® Using this value, extra charges of the
order of +0.2 are present on selected N atoms in our films. It is, however, generally
accepted that this charge does not occur at specific nitrogen sites, but rather involves
the entire pyrrole ring unit.***° Note that these spectra and assignments are similar to
those found in the literature for PPPy films'®*”*! and for some electrochemically
grown films.*** Upon thermal treatment, both C;; and N, spectra undergo significant
changes. Specifically, in the C;; spectrum, Figure 3.4c, the peak has narrowed
considerably, reducing the high energy binding component to a shoulder. The three
peaks at 285.0 eV (FWHM = 1.5 eV; 54.1%), 285.54 eV (FWHM = 2.3 eV; 34.7%),
and 286.54 eV (FWHM=2.9 eV; 8.2%) are assigned to the o carbons in the ring, and
to C-O or C-N peaks. The N peak structure, Figure 3.4d, has also changed, with a
significant decrease in the =N- peak at 398.4 eV (FWHM=1.39 eV; 5.8%), and a
strong increase in the amount of highly positive nitrogen atoms [400.7 eV
(FWHM=1.87 e¢V; 16.4%)]. The primary component at 399.6 eV remains dominant,
however, accounting for nearly 80% of the nitrogen atoms (FWHM=2.18¢V; 77.8%).

It is useful to explore the peak shapes in the XPS spectra. Note that for the
both the as-deposited and the thermally-treated PPPy films, the peak shapes are

somewhat asymmetrical. The skewed shape of the C;s XPS peaks in polypyrrole

materials has been attributed to cross-linked, chain terminating or non-a, .’ bonded

57

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



carbons as well as carbons in partially saturated rings.® This type of carbon is
considered as a measure of the disorder of the material. In the N, spectra, as noted
above the asymmetric shape is considered to be a result of electrostatic effects. A
comparison of the spectra for as-deposited PPPy films and thermally treated PPPy
films suggest that again, there is somewhat more order in the thermally-treated
materials than the as-deposited materials. Moreover, the highest binding energy peak
in the C;s spectra for the thermally-treated material could be assigned to n-n* shakeup
satellite structures, again indicative of an unsaturated polymeric system with intact
aromatic structure. Thus, the FTIR, UV-Vis, and XPS analyses of these films indicate
that thermal treatment of the PPPy films results in a more ordered material, most
likely through the loss of loosely-bound short chain oligomers.

3.2.2. Gas-phase analysis of pyrrole plasmas. Detecting gas-phase species
(ions, radicals) in-situ during plasma polymerization of pyrrole is critical to
understanding the mechanism for polymerization of pyrrole. Therefore, mass spectral
analyses of the pyrrole plasma were performed. Figure 3.5a shows the mass spectrum
of pyrrole vapor (plasma off), which represents simply the fragmentation pattern of
the monomer. The main component is located at 66 m/z, the M-1 peak of pyrrole,
C4HN', where M represents the parent monomer mass (i.e. m/z = 67). The mass
peaks at m/z = 39~41 are easily assigned to CsHs*, C3Hy" and C;H,NH,*?
respectively; and the peak at m/z = 28 can be attributed to HC=NH".*? Figure 3.5b
shows the mass spectrum of a CW plasma of pyrrole at an applied rf power of 13 W,
which is the equivalent power for a 10% pulsed plasma with P, = 130 W. No new
peaks were observed in the mass spectrum when the plasma was on. Also, a large

range scan from 1-200 m/z was also performed contained no obvious mass peaks
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Figure 3.5. Mass spectra of gas-phase plasma species. (a) The fragmentation
pattern of pyrrole monomer with plasma off and ionizer on; (b) The mass
spectrum of gas-phase species in a pyrrole plasma (13 W CW) with the ionizer
on (electron energy of 70 €V). (¢) The mass spectrum of nascent ions generated
by 13W CW pyrrole plasma.
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above m/z = 66, suggesting that no polymerized species are present in the gas-phase
of the plasma. Because this low power plasma may not be completely consistent with
the 130 W pulsed plasma, we did perform mass spectral analysis at a somewhat
higher applied rf power of 25 W. There was essentially no difference in the mass
spectra at the higher power. This is consistent with the hypothesis that plasma
polymerization in this system takes place primarily on the surface of the substrate as a
result of the diffusion of plasma species to the surface, rather than in the gas-phase.

The mass spectrum of nascent ions produced in the pyrrole plasma (13 W CW
plasma on, filament off) is shown in Figure 3.5c. The most prominent peak in this
spectrum is the M-1 peak of pyrrole, with smaller peaks from the fragments of pyrrole
at 39 m/z-41 m/z. From Figure 3.5, it is clear that the plasma we used did not
generate a significantly different fragmentation pattern for the monomer. Indeed, the
cleavage patterns of pyrrole in our plasma demonstrate the similar ring cleavage
patterns as are observed in the mass spectrum of pyrrole.*

3.2.3. Morphology. The morphology of the flat ITO glass substrates is shown in
Figure 3.6a, demonstrating these substrates do have some roughness on the submicron
scale. The morphology of PPPy films (as-deposited) on the flat ITO glass is shown in
Figure 3.6b. Spherical structures can be seen on the surface, with spherulite sizes
ranging from 1.2~2.5 um, clearly much larger than the roughness of the underlying
ITO. This type of globular structure has been observed previously for PPy films
produced via electrochemical means,?® and by plasma polymerization.® In general,
these structures can be explained by diffusion controlled nucleation growth at the
surface of the film."> Under these conditions, tiny dust particles on the surface of the
substrate possibly can serve as nucleation sites during plasma polymerization. This

type of growth mechanism is consistent with the mass spectral data that showed there
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Figure 3.6. SEM images of a) flat ITO substrate; b) PPPy film deposited on
flat ITO conductive glass by a pulsed plasma with P, =130 W, a 10% duty
cycle, and deposition time of 5 min; and ¢) thermally-treated (1 hour at 300 °C
under N,) PPPy film on flat ITO substrate.
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are no high mass polymer species in the gas phase. In addition, the structure of the
polymer may not be true polypyrrole, but may contain other cross-linked products, as
expected from the observed changes in the FTIR spectra upon thermal treatment
(Figure 3.2) and from the UV-Vis spectra. The presence of trapped oligomers in the
polymer could also contribute to the observed morphology. Upon thermal treatment,
however, these spherulites do not completely disappear from the surface of the films,
Figure 3.6c.

Figure 3.7 shows a series of SEM images of nanostructured materials. The
electron micrograph in Figure 3.7a is of 1000 nm Au nanotubes that have been
removed from the bulk of the polyester membrane in which they were formed. The
inner diameters of the tubes are 500~600 nm, and the outer diameters are ~1000-1200
nm, consistent with the pore size of the template membrane. This image reveals that
the outer surface of these nanotubes is not smooth, but rather contains a high level of
porosity. This structure could be the result of a limited number of complexation sites
on the pore walls during the growth of Au nanotubes.! Alternatively, formation of
grain boundaries, defects or vacancies in the metal could also explain the incomplete
nature of the growing material.

Figure 3.7b shows the SEM image of Au nanotubes coated with PPPy films,
demonstrating the PPPy film covers the entire surface of each of the Au nanotubes,
with no exposure of the underlying gold. With increasing deposition time, the Au
nanotubes can be converted into nanofibers coated with PPPy films, including
complete caps on the ends of the tubes.! Figure 3.7c shows a higher magnification
SEM image of PPPy film coated Au nanotubes after thermal treatment (300 °C for 1
hr). The PPPy films are somewhat smoother after thermal treatment, and the ends of

the tubes appear to be completely capped in this image. This suggests that thermal
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Figure 3.7. SEM images of: (a) bare 1000 nm Au nanotubes; (b) 1000 nm Au
nanotubes coated with PPPy film deposited using a pulsed plasma with P, =
130W, a 10% duty cycle, and a deposition time of 5 min; (c) the Au/PPPy
composite nanotubes after thermal treatment (1 hour at 300 °C under Ny).

63

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



treatment eliminates fragments, increases the content of unsaturated structures, and
results in denser, smoother PPPy films. It is also possible that the thermal treatment
results in smoother films simply because of increased mobility of the polymer chains,
leading to a configuration with lower surface energy.** CV data of the composite
membrane after the thermal treatment could not, however, be obtained because
thermal treatment damaged the membrane ensemble.

3.2.4. Cyclic voltammetry (CV). Electrochemical properties of PPPy films
were characterized by a series of CV analyses in LiClO4/acetonitrile non-aqueous
solutions. PPPy films deposited on flat ITO electrodes did not demonstrate redox
peaks within the potential scans (Figure 3.8a, dash line). It has been reported that
thermal treatment can improve the stability and electrochemical properties of PPPy
films.’ Figure 3.8b shows the cyclic voltammogram of the thermally treated PPPy
film coated on the flat ITO electrode. The scan rate is 100 mV/S and the potential
scan region is from —1250 mV to 1250 mV. The redox properties of the PPPy films
can be seen at =700 mV and 415 mV. A large non-Nernstian electrochemical
behavior (peak separation, AE,>59/n mV) was observed due to slow electron transfer
kinetics.

Nanomaterials have attracted researchers because of their unique structural
properties, such as large surface areas, which is especially important for
electrochemical processes.”” Figure 3.8c shows the CV data of non-thermally
treated PPPy films coated on 1000 nm Au nanotubes. Compared with the
electrochemical properties of the as-deposited PPPy film coated on the flat ITO
electrode, the irreversible redox peaks can be seen at ~960 mV and ~400 mV. The
diffusion coefficient of the ions within the polymer is strongly influenced by the

thickness, surface morphology and the bulk structure of the polymer.>*® Here we
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Figure 3.8.  (a) Cyclic voltammograms of as-deposited (dashed line) and
thermally-treated (solid line) PPPy films coated on flat ITO electrodes.
Electrolyte solution was 0.1 M LiClOy in acetonitrile. (b) Cyclic
voltammogram of as-deposited PPPy film deposited on 1000 nm Au nanotubes
by a pulsed plasma with P, = 130W, a 10% duty cycle, and deposition time of
5 min.
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believe film thickness also plays a key role in determining the electrical properties of
the material. The Au nanotubes provide a large surface area support for the thinner
PPPy films, resulting in an increased electron transfer within the PPPy electrode.
Literature studies also showed that templated-synthesized polypyrrole nanotubes with
large-diameter displayed a conductivity comparable to that of bulk polypyrrole,
whereas small diameter tubes possessed a conductivity one order of magnitude
higher.2>** The narrowest tubes have the highest conductivity because they contain a
relatively higher proportion of the ordered material (and a small amount of the
disordered material) than the large-diameter tubes.®* Note that the thermally treated
PPPy films coated on the flat ITO electrode demonstrate better electrochemical
activities than the as-deposited PPPy films coated on the flat ITO electrode. From the
FTIR and SEM data, some changes in the PPPy film morphology and bulk structure
clearly occurs upon heating. From Figure 3.2a, the peak absorption around 1600 cm™
increases significantly with an increase in conjugated structures, whereas the peak
absorptions at ~2219 cm™ and ~2900 cm™ indicate C=N and aliphatic C-H fragments
are decreased. SEM images also indicate that the PPPy films are smoother after
thermal treatment (Figure 3.7¢), as if they have undergone a melting and coagulation
progress. It appears that these changes in the morphology and bulk structure after
thermal treatment are possibly the result of removal of loosely bound, low-molecular

weight oligomers.

3.3. Summary
We have synthesized and characterized the properties of PPPy/Au composite
nanotubes. Results from FTIR and XPS studies indicate the chemical and physical

properties of PPPy films depend primarily on the applied plasma parameters, most
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significantly duty cycle in pulsed plasma polymerization schemes. Ring-opening
reactions and the polymerization of pyrrole in the plasma take place simultaneously.
Decreasing the duty cycle facilitates the retention of the rings of the pyrrole monomer.
Identification of gas-phase species as well as surface analysis data indicate that
plasma polymerization of pyrrole occurs on the substrate surface rather than in the gas
phase. Thermal treatment of the PPPy films enhances the electrochemical properties
as a result of changes in the surface morphology and bulk structures of the films.
However, as-deposited PPPy films coated on Au nanotubes demonstrate better
electrochemical properties than the as-deposited PPPy films coated on a flat substrate.
A non-Nernstian irreversible redox behavior of the composite results from the

increase in surface area and decrease in film thickness of PPPy-coated Au nanotubes.
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CHAPTER 4

INVESTIGATION OF INDUCTIVELY COUPLED Ar AND CH4/Ar
PLASMAS AND THE EFFECT OF ION ENERGY ON DLC FILM

PROPERTIES

This dissertation chapter contains results from a full paper submitted for
publication to Plasma Source Science and Technology. The manuscript was written
by Jie Zhou and edited by Ellen R. Fisher. The coauthors were Ina T. Martin, Reed
Ayers, Eli Adams, and Dongping Liu. Reed Ayers performed the hardness
measurements for diamond-like carbon (DLC) films. Ina T. Martin, Eli Adams, and
Dongping Liu made helpful contributions to the construction of the new system. The
aim of this study was to provide insight into the plasma gas-phase physics during the
deposition of DLC films. The measurements were performed on a new system that
we designed and built to facilitate Langmuir probe and mass spectrometer (MS)
measurements on the plasma systems we study using our Imaging of Radicals
Interacting with Surfaces (IRIS). The role of ion energy on the structural and
mechanical properties of DLC films was investigated by applying different substrate

potentials.
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4.1. Introduction

Low pressure inductively coupled plasmas (ICPs) have been used to deposit
diamond-like carbon (DLC) films. These materials have numerous properties similar
to diamond including high hardness, low surface roughness, scratch resistance,
chemical inertness, good thermal conductivity, high electrical resistance, and optical
transparency."2 DLC films prepared with plasma enhanced chemical vapor
deposition (PECVD) are metastable amorphous materials, which contain a significant
amount of hydrogen. When using different deposition methods, the hydrogen content
in DLC films was determined to be in the range of < 10% to 60%.> DLC films are
essentially an amorphous network of sp3 (diamond-like), sp2 (graphite-like), and even
sp coordinated carbon atoms in a disordered network. The properties of DLC films
cover a wide range of values between those of diamond, graphite, and hydrocarbon
polymers.* However, diamond films are polycrystalline materials, with crystallites up
to tens of micron in size, having the crystal structure of diamond. Of different
PECVD processes, microwave and electron cyclotron resonance (ECR) are commonly
used for deposition of diamond. These methods for growing diamond films are based
on the production of high concentrations of atomic hydrogen in the gas phase, which
is believed to etch the nondiamond phases during PECVD, thereby, promoting the
growth of the diamond.> Although a planar spiral coil coupling an rf field through a
quartz window is most commonly used to generate low pressure ICPs,’ a helical coil
geometry has also been used to provide high density plasma sources for etching and
deposition.5® Moreover, ion density and ion energy can be independently controlled
by tf power input through the helical coil and substrate, respectively.”™!
Plasma processing parameters significantly influence the properties of DLC

films deposited by PECVD. Therefore, the effects of parameters, such as pressure, rf
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power (P) and bias voltage on the properties of DLC films have been widely
studied.'*? Very little, however, has been reported on gas-phase ion and electron
kinetics in methane containing plasmas.'*?? This lack of fundamental gas-phase
data has hindered the development of process models that are useful in the
improvement of plasma reactor design for DLC film deposition. Hence, full
characterization of plasma species is essential to understand gas-phase ion and
electron kinetics, and to optimize processing parameters to control the deposition of
DLC films.

Langmuir probes and mass spectrometry (MS) are standard gas-phase
diagnostic techniques used to investigate plasmas. The former has been utilized to
measure important plasma parameters such as plasma potential (V),), electron density
(n.), ion density (n;), electron temperature (7,), and electron energy distribution
functions (EEDF), whereas the latter is useful for detecting ions and neutral species
generated in plasmas. Additionally, mass spectrometers with energy analysis
capabilities can measure ion energy distributions (IEDs) of ions created in the plasma.
IEDs are of great importance in plasma assisted processes, therefore they are
fundamental parameters for complete characterization of a gas flow discharge. Our
group has investigated the effect of ions on the surface reactivity of numerous small
molecules during the deposition of carbon and silicon based materials.>** For
example, previously published work involving our Imaging of Radicals Interacting
with Surfaces (IRIS) technique shows that in fluorocarbon PECVD systems, ions have
a significant influence on both film properties and the surface production of CF,.%
Most notably, the scatter coefficients measured for CF; are correlated directly to the

average ion energies measured for the plasma systems.”>*’ Clearly gas-phase
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diagnostics are critical to understanding PECVD systems and controlling the
composition of deposited materials.

The measurements presented in this thesis were made on a new system that we
designed and built to facilitate Langmuir probe and MS measurements on the plasma
systems we study using IRIS. Details of this apparatus are presented in Chapter 2.2.
Here, we used a Langmuir probe and a MS with energy analysis capabilities to
characterize low pressure Ar and CHy/Ar ICPs. The IEDs and relative ion densities of
plasma-generated ions were obtained for Ar and CH4/Ar plasma molecular beams. In
general, to measure ion energies, a small sampling orifice (25-100 um) either on the
grounded or the powered electrode is used so that the IEDs are not modified by ion-
molecule collisions near the orifice.?** However, this sampling technique has a
drawback in depositing systems such as methane containing plasmas because of the
high deposition rate. To measure ion energies in our plasmas we have built a new
instrument in which the sampling orifice of the mass spectrometer is used to sample a
molecular beam with an ICP source. Materials are deposited and Langmuir probe
measurements are made in the plasma source, but the MS measurements are made on
a plasma molecular beam created by the source. This work contains the first reported
IEDs ions in plasma molecular beams. Some ion-energy exchange via ion-neutral
collisions occurs when ions exit the plasma source. This is evaluated based on the
measured [EDs. Lastly, the effect of ion energy on the surface and mechanical
properties of hydrogenated DLC films were investigated using an independently rf
powered substrate. lon bombardment was found to have a significant influence on the

DLC film properties.

4.2. Results and Discussion
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4.2.1. Argon. Figure 4.1 shows Langmuir probe data for 100% Ar plasmas as a
function of pressure and power. As shown in Figure 4.1(a), both electron and ion
density increase with increasing power, similar to Ar ICP data in the literature.***! In
general, the plasma is considered electrically quasi-neutral, i.e. the ion and electron
density should be essentially equal (#;= n,) in the bulk of the plasma. The Langmuir
probe data in Figure 4.1(a) show that »; is about 20-40% higher than 7, in our system.
Similar results have been observed in ICP argon plasmas by Kim et al.*® This
overestimate of n; may be due to additional ion current induced by secondary electron
emission from the tip surface as a result of bombardment of ions, energetic neutrals,
and plasma radiation. The electron density may be affected by the reflection and re-
emission of electrons on the tip surface. Hence, the values of »; and #, should be
considered as the upper and lower limits of the plasma density, respectively.”® Figure
4.1(a) also shows there is little variation of »; and #, as a function of pressure in the
range from 30 mTorr to 50 mTorr.

Electron temperature is an important parameter for low-pressure plasmas
because it governs the rates of ionization, dissociation, and excitation processes.
Figure 4.1(b) shows the variation of electron temperature as a function of power and
pressure. An inverse dependence of 7, on power is observed as power is increased
from 30 W to 150 W. This is different from common observations in true ICPs, in
which T, is independent of P.3'  From Figure 4.1(b), an abrupt drop in T, (from ~5.0
eV to ~3.7 eV) occurs between 50 W and 90 W, which represents the transition from
the dim E mode (30 W to 50 W) to the bright H mode (>90 W). The mechanisms of
the E-to-H transition for ICPs have been investigated in detail by Turner et al.** and

Marakhtanov et al.,*® and similar transitions are found in other studies of ICPs.>** In
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the H mode regime, a small decrease in T, (from ~3.7 eV to ~3.2 eV) can be seen at
higher powers. This is consistent with other results obtained in truly inductively
coupled plasmas that show T, is nearly independent of power.>! From Figure 4.1(b) it
can also be seen that 7, increases with decreasing gas pressure in the H mode regime.
In a steady state plasma, the global rates of creation and loss of ions are equal, and the
balance between the total volume ionization and the loss of particles to the wall,

neglecting the recombination of charged particles in the volume, has been derived:>>*®

Kiz(Te) _ 1

Cs (T'e ) ngdeﬁ"

®

where K is the rate constant for ionization, C; is the ion sound speed, #, is the neutral
gas density, and d.g is an estimated effective length of the discharge which depends
on the chamber size and the fraction between the bulk and the edge plasma density.
Hence, when the neutral gas density is increased by increasing the pressure, the
ionization rate constant must decrease to maintain the particle balance, which requires
a concomitant decrease in the electron temperature.

Plasma potential is another important parameter in low-pressure plasmas
because the ion energy impinging on the substrate surface is usually determined by
the potential difference between the plasma and substrate potentials. The variation of
Vp as a function of power and pressure is shown in Figure 4.1(c). The V,, increases
sharply when power is increased from 30 W to 70 W, then slightly increases at higher
power. This also reflects the transition of the plasma from the dim E mode to the
bright H mode. This decreased variation of ¥, with power in the bright H regime is in
agreement with results presented in other studies that V5 is not significantly affected

by power in a true icp! Figure 4.1(c) also demonstrates that V}, generally decreases
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with increasing pressure over nearly the entire investigated power region; note that the
values of V), are somewhat overlapped at 40 mTorr and 50 mTorr.

Figure 4.2 shows the IEDs of Ar" measured in Ar plasma molecular beams.
As noted above, the shapes of the IEDs measured by sampling ions in the molecular
beams are more complicated than those obtained by sampling ions through a small
orifice on the electrode surface as a result of ion-neutral collisions that can occur
when ions exit from a large plasma reactor orifice. Coburn and Kay examined the
effects of collisions in this region,” and equated the variation of neutral flux with

distance away from the orifice by equation 10,

_2F(@2) _ny R’

- 2 RP+2°
c

n(z)

(10)

where F(z) is the flux of neutrals at an axial distance z away from the orifice with
radius R; n, is the concentration of neutrals in the plasma well away from the orifice

and cis the average speed of the molecules [¢ = (8kT/xm)"”?

]- The fraction of ions
that pass through the orifice to a point z = L without any collisions is given by

equation (11),

NG _ exp| Z7R arctan 2
NO) = exp[ 5 arctan R:l (11)

where o is the cross section for ion-molecule collisions and #, is the number density

of molecules at z=0. From equation (11), it is clear that the effect of ion-neutral
collisions is greatest at high pressures and large orifice sizes. Figure 4.2 shows
significant low-energy peaks in the IEDs of Ar" in all argon plasmas. The low-energy
peaks in the Ar" IEDs are a result of energy exchange via ion-neutral collisions:

Ar" (fast) + Ar (slow) — Ar' (slow) + Ar (fast) (12)
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where the energy of Ar' (fast) is controlled by ¥ and the energy of Ar neutrals is
much lower than 0.1 eV in the bulk plasma.”* This energy exchange can occur easily
because of the high concentration of Ar neutrals in Ar plasmas. In contrast to the
low-energy peaks, the high-energy peaks represent the energy of ions that do not
collide with neutrals after passing through the reactor orifice. We can, therefore,
estimate the fraction of ions that do not undergo ion-neutral collisions by separately
integrating the low-energy and high-energy peaks. For 110 W argon plasmas, Figure
4.2(b), ~ 88%, 75% and 65% of the ions pass through the orifice of the plasma reactor
without suffering ion-neutral collisions at 30, 40 and 50 mTorr, respectively. These
values agree with equation (11) which shows that more ions will encounter ion-
neutral collisions at higher pressure when exiting from the sampling orifice.

The profiles of high-energy peaks in the Ar" IEDs are nearly monoenergetic
and represent the ion energy obtained by acceleration across the sheath electrical field.
The values of these high-energy peaks are consistent with ¥ values measured by the
Langmuir probe. Note that Langmuir probe ¥ values are about 2-6 €V higher than
the values of the high-energy peaks in the IEDs. The shape and energy dispersion of
IEDs has been discussed in detail by Kawamura et al.*® Their analytical calculations
show that the time an ion takes to traverse the sheath (zqns) and the period of the
applied potential (7,7 ) are critical parameters in describing the shape of the IED. In
high density plasmas, the sheath is thin and collisionless, and the ion mean free path is

an order of magnitude larger than the sheath thickness, therefore tyans/ 7,y »1.

Consequently ions take many rf cycles to cross the sheath and respond only to an
average sheath potential, resulting in an IED with a single energy peak with narrow
energy spread (full width at half maximum (FWHM) ~ 5.0 V). The ion energy is a

result of the acceleration of ions across the potential difference of the sheath.
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Additionally, numerous factors can contribute to the observed broadening for an IED,
including effects from the initial ion energy in the presheath, thermal ion temperature
in the bulk plasma, the stray capacitive component between the coil and the plasma,
and instrumental energy resolution.”

Usually, the average potential drop across the sheath or the self dc bias is
taken to be representative of the ion energies bombarding the substrate, and process
results such as etch or deposition rate and selectivity are related to the mean ion
energy measured in this manner. In our studies, mean ion energies were calculated

using the following equation:*’

(13)
f f(E)dE

where f(E) is the ion energy distribution function. Note that the mean ion energy may
not be representative of the actual energies of ions bombarding the substrate surface,
especially in broad or multimodal distributions such as those measured in plasma
molecular beams. In this work, the presence of low energy ions created by ion-neutral

collisions near the reactor orifice has a significant effect on the mean ion energies.

Figure 4.3 shows (E,) for Ar" in Ar plasma molecular beams as a function of P at

different pressures. The mean ion energy increases with increasing P and decreases
with increasing pressure over the investigated range. Compared with the Langmuir
probe results in Figure 4.1(c), the mean energies of Ar" are much lower than the
plasma potentials. This is due to the contribution of low energy ions to the mean ion
energy. Increased pressure results in increased availability of Ar neutrals for energy
exchange reactions (Reaction 12). Consequently, there is a greater contribution of the
lower ion energy component to the IED, which results in lower mean ion energies at

higher pressures. Although mean ion energies are not good representations of the Vp
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of these systems, the high ion energy of the IEDs corresponds well to Vp values
measured by the Langmuir probe, as discussed above.

4.2.2. CH4/Ar mixture. Recently, inert gases such as He, Ar, and Xe have been
added to dilute the carbon containing precursor gases used in PECVD of DLC films.
This is believed to assist the creation of plasmas in hydrocarbon gases and to enhance
the plasma density.”*' Therefore the characterization of gas-phase ion and electron
kinetics in these plasmas is crucial to understand the mechanisms of DLC film growth.
MS measurements show that there is a high concentration of multicarbon ions such as
CH,", C;H,", C,H," (x > 4) in the gas-phase of CHy- containing plasmas. To
suppress the formation of multicarbon ions, CyH," (x > 4), in the gas-phase, low CH,
content CH4/Ar plasmas (flow ratio, CHs:Ar = 15:85) were used. Figure 4.4 shows
Langmuir probe data, n;, n,, T, and ¥, collected for CHy/Ar plasmas as a function of
pressure and P. n; and n, increase slightly with increasing P from 30 W to 50 W and
then increase nearly linearly at higher P. No significant dependence of n, and »; on
pressure is observed, Figure 4.4(a). The variation of 7, with P and pressure is shown
in Figure 4.4(b). A decrease in 7, with increasing P is typical in CH4/Ar plasmas.
This is similar to the observation made in 100% Ar plasmas that T, is high in the E
regime and low in the H regime. 7, in CH4/Ar plasmas is, however, ~ 0.5to 1.5 eV
higher than that measured in 100% Ar plasmas under the same pressure and P.

From Figure 4.4(b), T, in CH.4/Ar plasmas increases with increasing pressure.
This is contrary to the observation made in pure Ar plasmas in which an inverse
dependence of 7, on pressure is seen. This unusual variation has also been reported
by Okada et al. in a low pressure CHy/H; inductively coupled plasma.® The
assumptions of equation (9) are that the global ion loss rate in the volume is constant

and that the recombination of charged particles in the volume can be neglected.
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However, this equation may not be valid for highly depositing discharges such as
CHs-containing plasmas. Highly depositing systems can have an increase of the ion
loss rate to the walls or of the recombination of charged particles in the volume,
which requires a higher 7, as compensation. Figure 4.4(c) shows the variation of ¥,
as a function of pressure and P. No clear dependence of ¥, on pressure in the entire
investigated range is present. V), increases quickly in the transition region from E
mode to H mode and then is almost constant at higher P.

The relative ion intensities in CH4/Ar plasmas as a function of pressure and P
are shown in Figure 4.5. 1t is clear that CH;" is the dominant ion in most cases except
for the 30 mTorr plasmas with P> 90 W. Despite the large Ar fraction in the CH4/Ar
precursor gases, Ar' is not a dominant ion in these plasmas. This can be explained
using the electron impact ionization thresholds for the primary ions in CHy/Ar
plasmas, Table 4.1. The ionization energy of Ar is higher than that of hydrocarbons,
which leads to a smaller fraction of Ar* in the plasma. From Figure 4.5, ArH" also
appears to be a significant component in CH4/Ar mixtures and its density increases
significantly with increasing P. ArH" ions are most likely created through the
following reactions:

Ar" + C,Hy — ArH' + CiHy., (14)

Ar'+H, — ArH" +H (15)
These reactions can serve as loss channels for Ar’. Although there is an expected
abundance of neutral H in these discharges, the possibility of the creation of ArH"
through reaction (16)

Ar'+H — ArH" (16)
is less than that through reaction (15) because the cross section for reaction (16) is

smaller.®® As evident from Figure 4.5, H" and H," contribute 1-2% of the total ion
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Table 4.1. Thresholds for primary electron impact ionization reactions in CHy/Ar

plasmas.”
Reaction Threshold energy (eV)
Ar+e — Ar +2e 15.75
CH;+e — CH;' +2e 12.61
CH,+e— CH;" +H+2e 14.00
CH;+e—>CH; +H +e 13.30
CH; +e — CH;" +2e 9.84
CH, +e¢ — CH,' +2¢ 10.40
CH+e— CH +2e 10.64
C+e—C +2e 11.26
H,+e— Hy" +2e 15.43
H+e— H' +2e 13.60
C,Hg+e — C2H6+ +2e 11.52
CHs +e — CoHs' +2e 8.12
CoHy +e — CoHy " +2e 10.51
CoH; +e — CoH5  +2e 8.25
CH, +e — CoHy™ +2¢ 11.41
CH+e— CH +2e 11.61
Cy+e— Gyt +2e 11.40

2 Values are taken from references®>*>*3
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flux and are not clearly dependent on P. The major creation channels of H and H,"

are through ionization by direct electron impact:

H,+e > H +H+2¢ 17
H+e ->H +2¢ (18)
Hy,+e — H2+ +2e” (19)

It can also be seen from Figure 4.5 that the relative H;" flux is much higher than that
of H" and H,", especially at higher P. The predominance of H;" over H" and H,"
indicates the presence of secondary ion-molecule reactions such as H," +H, —» H;* +
H2l2

Figures 4.6 and 4.7 show the IEDs of the eight major ions Ar’, ArH', CH,",
CH;", C,H,", C;H;™, HY, and H3™ measured in CH4/Ar plasma molecular beams as a
function of P and pressure. The IEDs of Ar” still exhibit intense low-energy peaks as
seen in the 100% Ar plasmas. However, the IEDs of other ions show very low
intensity low-energy peaks. For example, for CH4/Ar plasma molecular beams (130
W, 40 mTorr), the fractions of low-energy peaks in the IEDs of Ar', ArH", CH,",
CHs", CoHy', CoH5", H', and H;" are 38.9%, 4.0%, 0.4%, 0.5%, 2.5%, 1.6%, 8.0%,
and 1.0%, respectively. As discussed above, the large low-energy peaks in the I[EDs
of Ar" are caused by energy exchange via collisions between fast Ar" and slow Ar
neutrals. However, the small fraction of the low-energy peaks in the IEDs of other
intermediate ions indicates that only a few of these ions undergo energy exchange via

collisions, even though there is a large concentration of slow Ar neutrals near the

orifice. This indicates that energy exchange via collisions between the other
intermediate ions and Ar neutrals is less likely to happen, probably due to different
collisional cross sections. Hence, the low-energy peaks measured in the molecular

beams mainly arise from the energy exchange via collisions between the same kinds
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of ions and neutrals. As shown above, about 8% of H' encounters energy exchange
through ion-neutral collisions because there is a large concentration of H neutrals in
hydrocarbon containing plasmas.*"*?> Compared with the IEDs of Ar" and H, the
small low-energy peaks in the IEDs of CH,", CHs", C;H,", C,Hs", and H;" indicate
that there is a small number of the corresponding neutral species in the plasma.

The shapes of the high-energy peaks in the IEDs are also shown in Figures 4.6
and 4.7. From Figure 4.7, the high-energy peaks in the IEDs of Ar" increase with
decreasing pressure similar to that in the IEDs of Ar" measured in the 100% Ar
plasmas as a result of fewer ion-neutral collisions near the orifice at low pressures.
The shapes of the high-energy peaks of heavier ions, such as Ar’, ArH", CH;", C,H,",
C,H;" are nearly Gaussian, whereas the lighter ions, such as H', H;", and CH," exhibit
broad multi-peaked IEDs. The energy spread (4E) by rf modulation is known to
increase with decreasing ion mass (m) as AE ~ m™'2.% The transit time across the
sheath for heavier ions is much longer than the rf cycle, which yields a bimodal ion
energy distribution with two peaks lying close together. In contrast, lighter ions
traverse the sheath faster and the ion energy is strongly modulated by rf cycle, which
leads to substantial broadening with a width on the order of the peak-to-peak rf
voltage.”***® This is more obvious in the IEDs of H'.

The mean ion energies of Ar* and CH;" calculated by equation (13) are shown
in Figure 4.8. The mean energy of Ar' is much less than that of CH;" under the same
conditions, which reflects that more Ar" ions than CH;" ions undergo energy
exchange via ion-neutral collisions. The mean energies for both Ar* and CHs"
increase with decreasing pressure. At 30 mTorr, the mean energy of CHs" is almost

equal to the ¥, measured by Langmuir probe. Therefore the IEDs of intermediate

91

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



100 A 30 mTorr: —m— Ar’ —o— CH; CH4/A1"
oo 4 40mTorr: —e—Ar" —o—CH,’
50 mTorr: —A— Ar' —4— CH;

—
_ /

L

E]/@

80 -
70 -
60 |-

50 +

® 0’*”’////.-_—-—_‘-_5

Mean ion energy (eV)
o
X

HDH

)

40 +

7

30 | i —— % —=a
&
20 M | " L 1 L 1 1 1
40 60 80 100 120 140

Applied rf power (W)

Figure 4.8. Mean energy of Ar" and CH;" in 15:85 CHy/Ar plasma as a
function of power at three different reactor pressures.
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ions measured at low pressure can be a good reflection of the ion energy obtained as
the ions cross the sheath inside the plasma reactor.

Figures 4.9(a) and 4.9(b) show the EEDFs of Ar and CH4/Ar plasmas at
different P and pressures. The inaccuracy in the EEDFs obtained at low electron
energy for both Ar and CH4/Ar plasmas could be from larger experimental
uncertainties caused by fluctuation of the time-averaged plasma potential.'® For
100% Ar plasmas, the EEDFs exhibit Maxwellian distributions when the electron
energy is lower than 15 eV. At higher electron energies (>15 eV), a depletion is
apparent due to the inelastic collisions and loss of high-energy electrons to the reactor
walls.** No clear dependence on pressure in the EEDFs can be seen. However, at
higher P, the slopes of the EEDFs are more negative, which indicates a lower T,
because the slope in the EEDF with a Maxwellian distribution function is equal to (-
1/kT,)."® From Figure 4.9(b), the EEDFs in CH4/Ar plasmas maintain a Maxwellian
distribution up to an energy of 18 eV, beyond which the EEDFs are depleted. The
variations of the EEDFs with pressure and P in CH4/Ar plasmas are similar to those
observed in 100% Ar plasmas. When P is low, less negative slopes in the EEDFs can
be observed clearly in the CH4/Ar plasmas, indicating a higher 7. This is consistent
with the results shown above.

4.2.3. Effect of ion energy on the properties of DLC films. DLC films were
deposited at different substrate potentials (V5,5 ) as described in Chapter 2.1.3. FTIR

spectroscopy was used to determine the local environment of carbon bonding and the
content of hydrogen in DLC films, Figure 4.10. Prominent spectral features include
the absorption peaks at 2956 cm™, 2932 cm™, and 2872 cm™ which correspond to sp’
asymmetrical CHs, sp’ CHa, and sp® CHj stretching modes, respectively.'>!* The

absorption intensities of all three C-H vibrations decrease significantly when a
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Figure 4.10. FTIR spectra of DLC films (normalized by the thickness of the
films) deposited at different substrate potentials, (a) 50 V; (b) -50 V; (c) -100
V; (d) -150 V in the 2700 — 3200 cm™ range.
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negative bias potential is applied to the substrate, Figure 4.10. No obvious change in
the absorption intensities of these C-H vibrations was found when the negative bias
potential increased from -50 V to -150 V.

The deposition rates of DLC films were determined using the SEM cross-
section images shown in Figure 4.11. Deposition rates with substrate potentials of 50
V,-50V,-100 V,and -150 V are 75.1 +3.1,21.2 £ 0.6, 16.6 = 0.3, and 15.3 £ 0.2
nm/min, respectively. Figure 4.12 shows the morphologies of the hydrogenated DLC
films deposited at various substrate potentials using AFM. The root-mean-square
(RMS) roughness of the film deposited with a substrate potential of 50 V is 2.85 £+
0.09 nm. Changing the substrate potential to -50 V, -100 V, and -150 V yields much
smaller roughness values of 0.104 + 0.005 nm, 0.105 + 0.004 nm, and 0.086 + 0.004
nm, respectively. The hardness and Young’s modulus of the DLC films as a function
of substrate potential are shown in Figure 4.13. The hardness and Young’s modulus
of the film deposited with the substrate potential of 50 V are 0.49 + 0.05 GPa and 9.95
+ 0.65 GPa, respectively, which represents a soft polymer-like film. However, when
a substrate potential of -50 V is applied, the hardness and Young’s modulus of the
film increase significantly to 13.1 + 0.3 GPa and 130.7 + 2.1 GPa, respectively. With
increased negative biases, the hardness and Young’s modulus reach a maximum at
Veur =-100 V (15.3 &+ 0.4 GPa and 138.3 + 2.8 GPa, respectively) and drop slightly at
Vsun =-150 V (12.5 £ 0.3 GPa and 131.1 £ 2.5 GPa, respectively). Because the ion
energy impinging on the silicon wafers is approximately equal to (V,-Vsu), the results
above indicate that the ion energy has a significant influence on the surface and
mechanical properties of the hydrogenated DLC films.

With our current experimental apparatus, the ion flux and ion energy are

independently controlled by the coil power and the substrate potential, respectively.
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Figure 4.11. SEM cross-sectional images of DLC films deposited at
different substrate potentials: (a) 50 V; (b) -50 V; (¢) -100 V; (d) -150 V.
The magnification for all images was fixed at 85,000.
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Figure 4.12. AFM images of DLC films deposited at different substrate
potentials: (a) 50 V; (b) -50 V; (c) -100 V; (d) -150 V. RMS roughness
values are 2.85 = 0.09, 0.104 = 0.005, 0.105 &+ 0.004, and 0.086 + 0.004
nm, respectively.
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Figure 4.13. Hardness (m) and Young’s modulus (o) of the DLC films as a
function of substrate potential.
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Because the coil power and pressure inside the reactor are fixed during the deposition
processes, the ion flux and radical flux in the plasmas should be approximately
constant, although there may be a slight increase in the ion or radical flux due to the
substrate rf power. We assume that V»~ 80 eV during the deposition processes, based
on the diagnostic results for CH4/Ar plasmas. Hence, when the applied substrate
power is 0 W, the ion energy bombarding the silicon wafers should be ~ 30 eV
because the substrate potential is 50 V during the deposition. As noted above,
radicals have very low energy. Therefore, the growth of the hydrogenated carbon
films in this case is mainly controlled by radicals and low-energy ions.

According to CVD and PECVD mechanisms for hydrogenated DLC films,
based on the ion-stitching model'® and the ion sub-plantation model,® low-energy
hydrocarbon ions impinge upon the substrate surface and create radical sites on the
surface. The neutral hydrocarbon radicals are then absorbed at these sites, leading to
film growth. Because ions have insufficient energy to break C-H bonds, the films
formed under these conditions have a large number of C-H bonds and less tetrahedral
carbon network in the films. As can be seen in Figures 4.10-4.13, the film deposited
here is a soft polymer-like carbon film (0.49 + 0.05 GPa) with a high deposition rate
and large roughness value. However, when negative substrate biases are applied, the
significant decreases in the deposition rate, hydrogen content, and surface roughness
and concomitant increase in the hardness indicate that ion energy plays a key role on
the surface and structural properties of the hydrogenated DLC films. Note that the ion
and radical fluxes are nearly constant under these conditions. Thus, these high-energy
hydrocarbon ions can actually etch C-H and weak C-C bonds, penetrate into the sub-
surface to form the carbon network consisting of more sp® carbon atoms. Therefore,

the growth of hydrogenated DLC films in our plasma system is a result of competition
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reactions between deposition by low-energy ions or radicals and sputter etching by
high-energy ions. The quality and hardness of DLC films are ultimately determined

by the content of sp’ carbon atoms forming a carbon network.

4.3. Conclusions

A new molecular beam-based vacuum system was constructed to measure gas-
phase characteristics of Ar and CH4/Ar plasmas used for DLC deposition. The
instrument has both MS and Langmuir probe capabilities. An rf-compensated
Langmuir probe was used to measure n,, T, n;, V,, and EEDF in Ar and Ar/CH,4
inductively coupled rf plasmas. At low P, relatively low electron and ion densities
and high electron temperature were found in both Ar and CH4/Ar plasmas as a result
of electrostatic (capacitive) coupling (E mode). When P was increased, the plasma
transitions to the electromagnetic (inductive) coupling (H mode) with high electron
and ion densities and low electron temperature.

Relative ion intensities, IEDs and mean ion energies were measured in
molecular beams of Ar and CH4/Ar plasmas by a mass-resolved ion energy analyzer.
CH;" is the dominaﬁt ion in most cases for the CH4/Ar plasmas and its flux was
observed to increase with P. The relative intensities of ArH" and H;" also increase
with increasing P. Significant low-energy peaks in the IEDs of Ar can be seen in
both the Ar and CH4/Ar plasmas due to the energy exchange via ion-neutral collisions
near the reactor orifice. The intensities of these low-energy peaks significantly
decrease as pressure decreases. High-energy peaks in the IEDs of heavier ions, Ar®,
ArH', CH;", C;H,", C;H;" exhibit narrow, near-Gaussian peaks whose values are
consistent with the plasma potentials measured by the Langmuir probe. The FWHM

for these ions is in the range of 3-5 eV. However the high-energy peaks in the IEDs
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of lighter ions, H', Hs*, and CH," exhibit broad multi-peaked IEDs due to the fast
transit time cross the sheath. The IEDs of all ions except that of Ar* show small low-
energy peaks as a result of the low probability energy exchange via ion-neutral
collisions.

Hydrogenated DLC films were deposited on silicon wafers at different
substrate potentials produced by an independently controlled 13.56 MHz rf generator.
The hydrogen content, surface roughness and deposition rate significantly decrease,
whereas the hardness of the films increases dramatically when negative biases were
applied. Based on these results, ion energy has a critical influence on the structure
and mechanical properties of DLC films. The growth of DLC films in our plasma
system is controlled by competition reactions between deposition by radicals or low-

energy ions and etching by high-energy ions.
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CHAPTER 5

EFFECTS OF ARGON DILUTION ON THE TRANSLATIONAL AND
ROTATIONAL TEMPERATURES OF SiH IN SILANE AND DISILANE

PLASMAS

Reprinted with permission from Jie Zhou, Jianming Zhang, and Ellen R. Fisher, J.

Phys. Chem. A, 109 (46), 10521-10526, 2005

This dissertation chapter contains results from a full paper published in the
Journal of Physical Chemistry A. The manuscript was written by Jie Zhou and edited
by Ellen R. Fisher. The coauthor was Jianming Zhang, who helped to collect the data.
This chapter describes the effects of argon dilution on the translational and rotational
temperatures of SiH in both silane and disilane plasmas using the imaging of radicals
interacting with surfaces (IRIS) technique. The underlying chemistry and

mechanisms of SiH energy equilibrium in Ar diluted plasmas have been discussed.
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5.1, Introduction

Silane and disilane plasmas have been extensively applied to the deposition of
hydrogenated amorphous silicon films (a-Si:H). These materials are widely used in
microelectronic devices such as solar cells, thin film transistors, and flat panel
displays.® During the deposition processes, neutral SiH, (x = 0-3) species are
considered as important precursors for film growth."”® Among these, the long-lived
SiHj is considered the primary precursor for film growth, although the short-lived Si,
SiH, and SiH; still have significant influence on film properties.>”'° Investigations of
the surface interactions of these species are, therefore, of practical importance to the
improvement of film characteristics.

Chemically active radicals can be easily created in low-temperature plasmas
through electron impact dissociation of precursor molecules. This is primarily
because electrons in these systems have relatively high temperatures (10°-10° K) in
comparison to the gas temperature (<10° K).!' The precursor fragments can obtain
different kinetic energies during the dissipation of excess energy as a result of
differences in mass as well as energy transfer pathways. Therefore, knowledge of the
energy partitioning among these species is a key component of the plasma chemistry
occurring during film growth. In most silane or disilane plasmas, however, the SiH
density is low due to its high gas-phase reactivity and surface sticking
probability.!*!*!3

SiH in plasma systems can be examined using various gas-phase diagnostics.
For example, laser-induced fluorescence (LIF) is a sensitive plasma diagnostic tool
that has been used extensively to investigate the nature of a variety of plasma species,
including the SiH radical. Data on relative or absolute gas-phase concentrations, gas

and surface reactivity, and kinetic energy have all been obtained with LIF.>'":!413
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Combining LIF and plasma molecular beam technology, our imaging of radicals
interacting with surfaces (IRIS) technique is particularly useful and versatile. IRIS
can provide spatially and temporally resolved 2D images of plasma species of interest,
and has been applied to measure the surface interactions and translational/rotational
temperatures of probed species.'®'®

Previously, we have measured the surface interactions as well as the rotational
(®g) and translational temperatures (@) for SiH radicals in 100% silane and disilane
plasmas as a function of applied rf power (P).'* The SiH surface reactivity is near
unity under all plasma conditions, showing no clear dependence on P, substrate
temperature (7s), and precursor gas. In addition, the average SiH rotational and
translational temperatures were also independent of P and precursor gas, and were
measured as ~600 K and ~1100 K for silane and disilane plasmas, respectively.! This
difference between ®g and Or indicates that SiH radicals are not in thermal
equilibrium within the plasmas. A similar observation has also been made for OH in
alkoxysilane/O; plasmas, wherein ®1(OH) is significantly higher than ®@r(OH), again
indicating a non thermalized system.”>>* However, ®g and ®r for OH are nearly
identical in H,O plasmas, suggesting that OH radicals are in thermal equilibrium in
this system.2'*> These results led us to hypothesize that radicals produced by
unimolecular dissociation processes (such as in the H,O system) are more likely to
reach thermal equilibrium than molecules formed via bimolecular reactions, such as in
the alkoxysilane/O, systems.

The SiH results, however, would appear to disagree with this hypothesis,
provided that SiH was formed through a stepwise dissociation process. Previously,
we noted that SiH is formed by the direct electron-induced dissociation of SiHa, rather

than via sequential dissociation of SiH; or SiH,.! Because this dissociation pathway
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proceeds via a super-excited electronic transition state, this creation mechanism may
result in the significant differences measured in the rotational and translational
temperatures of SiH. Moreover, the extremely high gas-phase reactivity of SiH may
also contribute to this discrepancy. Specifically, SiH is very reactive with SiHy, such
that the SiH radicals probed in the molecular beam are mainly produced close to the
extraction orifice, and have undergone only ~5 collisions prior to exiting the reactor.
Thus, there are not enough collisions to allow SiH to reach thermal equilibrium. One
can expect that the discrepancy between @ and Ot of SiH can be reduced or
eliminated if there are more non-reactive collisions for SiH. Therefore, we have
investigated the effects of argon dilution on ®7 and ®x of SiH in both silane and
disilane plasmas. The argon dilution in these systems can provide additional non-
reactive-collisional cooling for SiH, as well as more information on the energetics
characterization of reactive plasma species. The process of thermal equilibration of

SiH radicals is also discussed.

5.2. Results

Figure 5.1 shows the two dimensional ICCD images of SiH LIF signals using
a 100% Si;H¢ plasma molecular beam (P = 60 W) at gate delays of 205, 505, 805, and
1105 ns. In these images, the plasma molecular beam moves from left to right and the
laser is propagating from bottom to top. As the gate delay increases, the SiH LIF

intensity decreases significantly due to the radiative decay of the excited SiH A%A

state after laser excitation.' Figure 5.2a shows the corresponding x-cross sections of
the SiH LIF images in Figure 5.1. For the shortest time interval, we observe a peak
position shift of ~0.2 mm. Although the shifts of the maximum LIF intensity along

the direction of the molecular beam can be seen in the cross sections, they are better
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Figure 5.1. ICCD images of LIF signals for SiH radicals in a 100% Si;He plasma molecular beam (P = 60 W) at four
different gate delays: (a) 205 ns, (b) 505 ns, (c) 805 ns, and (d) 1105 ns after laser excitation. Dashed lines indicate the
locations of the molecular beam and the laser beam, which intersect each other at a 90° angle. The intensity scales in (a)
and (b) are identical; due to the lower signal intensity in (c) and (d), the data have been multiplied by a factor of 2.
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Figure 5.2a. Cross-sectional data for the SiH LIF images shown in
Figure 5.1 (solid lines) at four different time delays: (A) 205 ns, (B) 505 ns,
(C) 805 ns, and (D) 1105 ns after laser excitation. Simulated curves for @t
= 820 K are also shown (dashed lines). In the inset, the spatial positions of
the maxima of the LIF signals are plotted as a function of time delay. The
slope of the linear regression analysis corresponds to the speed (759 m/s)
of the SiH radicals along the central axis of the molecular beam.
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distinguished when plotted as a function of time delay as in the inset of Figure 5.2a.
The linear regression analysis yields a slope of 759 m/s, which represents a lower
limit to the average SiH speed in the molecular beam. This value corresponds to
Or(SiH) = 789 K. To obtain a more accurate average speed and the corresponding
average translational temperature, the spatial shifts as a function of time delay have
been simulated at different translational temperatures until a good agreement between

the experimental and simulated results is obtained. The simulation results are also
plotted in Figure 5.2a, yielding an average kinetic speed of 760 *62 m/s and

corresponding average translational temperature of @ = 820 = 129 K. The
discrepancies between the model and the experimental signal shapes in Figure 5.2a

are the result of the radial movement of the molecular beam in all directions during

the expansion through a slit, resulting in “wings” on the data. For the speed
measurements, however, the peak positions are the critical dimension being simulated,
and this is not significantly affected by the wider wings at lower delay times.

Figure 5.2b shows the cross sectional plots of SiH LIF images for a mixed
SioHe/Ar plasma with a 2:1 ratio (67% Si;Hg). The cross sections and the
corresponding linear regression analysis are very similar to those shown in Figure
5.2a. The slope of the linear regression fit is, however, somewhat lower than that for
the 100% Si;Hg plasma, 607 m/s. The simulation yields a correspondingly lower O
of 525 £ 96 K for the Ar diluted system.

We have previously collected extensive excitation data for SiH over a wide
range of wavelengths (411-414.5 nm)"'® and have measured the rotational
temperature from these spectra. Here we again collected excitation spectra over a

reasonably wide wavelength range, and found good agreement with these previous

results. For the purposes of determining @y in this work, we focused on two
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Figure 5.2b. Cross sectional data of SiH radicals in a 2:1 Si;H¢/Ar
plasma (67% Si,Hs) at four different time delays: (A) 205 ns, (B) 505 ns,
(C) 805 ns, and (D) 1105 ns after laser excitation. Simulated curves for @t
= 525 K are also shown (dashed lines). In the inset, the spatial positions of
the maxima of the LIF signals are plotted as a function of time delay. The
slope of the linear regression analysis corresponds to the speed (607 m/s)
of the SiH radicals along the central axis of the molecular beam.
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rotational lines with significantly different quantum states. Figure 5.3 shows the
experimental and simulated excitation spectra of SiH A?A—-XI1 from 413.40 to
413.45 nm collected using a 100% Si;Hg plasma molecular beam (Figure 5.3a) and a
67% Si;Hg plasma molecular beam (Figure 5.3b). These data clearly show that the
populations of the two states are similar for the two different plasma conditions,
although it appears that the Q,(J= 10.5) rotational state is slightly more populated in
the diluted plasma system. As can be seen in Figure 5.3, excellent fits between the
experimental and simulated data were obtained for both data sets. Because these two
rotational lines have quite different J quantum numbers (10.5 and 2.5), the ratio of
these two peaks heights will be sensitive to changes in the rotational temperatures. As
noted above, we have previously fit larger portions of the rotational spectrum for SiH
and find good correspondence between these fits and the fits to the two rotational
states chosen for analysis in this study."'® From several data sets, the simulation
yielded a rotational temperature of 520 + 10 K for the 100% Si,H¢ data set and 550 £
30 K for the 67% Si;Hg data set. These values are consistent with the observation that
the J= 10.5 state is more highly populated in the diluted plasma system.

Figures 5.4 and 5.5 contain the average ©r and @ values determined for SiH
in SiH4/Ar and Si,Hg/Ar plasmas as a function of SiHs and Si,Hg fraction in the
mixtures, respectively. As noted in the experimental section, the fraction of SiH4 and
Si;He in the mixture is defined as the ratio of the flow rate of SiH, or Si;Hg to the
flow rate of Ar. For the rotational temperatures of SiH, no clear dependence on the
argon dilution is found in either silane or disilane plasmas. The weighted average ®r
values for SiH in SiH4/Ar and Si;H¢/Ar plasmas (averaging all dilution conditions) are
490 + 10 K and 530 + 10 K, respectively. In contrast, @1 for SiH demonstrates

different trends in the two plasma systems. No significant dependence on Ar dilution
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Figure 5.3a. The SiH A?A-X’I1 excitation spectrum (solid circle) from
413.40 nm to 413.45 nm obtained in a 100% Si,Hs plasma. The simulated
excitation spectrum using LIFBASE program is also shown (solid line). The
best fit between the experimental and simulated data corresponds to
rotational temperature of 520 K.
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Figure 5.3b. The SiH A’A-XIT excitation spectrum (solid circle) from
413.40 nm to 413.45 nm obtained in a 67% Si,Hg plasma. The simulated
excitation spectrum using LIFBASE program is also shown (solid line). The
best fit between the experimental and simulated data corresponds to
rotational temperature of 550 K.
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is seen in the SiH4/Ar plasma within the investigated fraction range of SiH, from 0.5
to 1.0, as shown in Figure 5.4. At lower SiHy fractions, the SiH signal decreases to
below the detectable limit in our apparatus. In the Si;He/Ar plasma, however, the
translational temperature of SiH increases significantly with increasing Si;Hg fraction.
When the fraction of SiHe reaches 0.67, the translational temperature of SiH is
almost equal to its rotational temperature, which indicates that SiH radicals reach

thermal equilibrium in this plasma system.

5.3. Discussion

The energy distribution of radicals produced in a plasma system largely
depends on their formation mechanisms. In silane and disilane plasmas, the primary
radical fragments formed through direct electron impact reactions are quite different.
The primary radicals produced in the SiH, plasma are given in Reactions
1 _4’7,10,14,1 5,24-26

where the numbers in parentheses refer to the fraction of the radicals

in the gas phase:

SiH, + e — SiH; (0.830) + H (1)
SiH, + e — SiH, (0.097) + H; Q)
SiH,+ e — SiH (0.047) + H,+ H 3)
SiH,+ e — Si (0.026) + 2H, )

Note that the production mechanisms for SiH radicals have been extensively studied.
From these works, it is commonly accepted that SiH radicals are formed primarily
from the direct electron impact dissociation of SiHs, Reaction 3.M01425 1 contrast,
for Si;He plasma, SiH is not formed from the direct electron impact dissociation of
Sisz.l’3 10 The primary SipHg dissociation reactions in Si;Hg plasmas are given in

Reactions 5-7.31°
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Si;He + e — SiH, + SiH4 — SiH;(0.300) + SiH3 (0.340) + H (5)

Si;Hg + € — Si;Hs(0.340) + H 6)

SioHs + € — SiH3SiH (0.020) + H; @)
In a disilane plasma, SiH radicals are mainly produced by further dissociation of the
primary product SiHs, presumably via reaction (3) or possibly by a stepwise
dissociation mechanism (i.e. SiHy - SiHs; — SiH, — SiH)."*!°

During the dissociation of precursor molecules via electron impact reactions,
the released excess energy is transferred to the dissociated fragments. This can lead
to a high initial translational and rotational energy for these fragments,"*'*1S which
can be dissipated through collisional cooling. The rotational temperatures of SiH in
both silane and disilane plasmas are nearly the same at all gas ratios, indicating that
the rotational energy of SiH has been thermally equilibrated. This is supported by the
observation that the rotational relaxation rate of SiH is fairly high (1.5 x 107'°
cm?/s),”” such that the rotational temperature of SiH is likely thermalized to the
average gas temperature before it is extracted from the plasma source. It is a common
assumption that the rotational temperature of the gas-phase radicals is equal to the
average ambient gas temperature because the high initial rotational energy can be
easily dissipated through rotational-rotational and rotational-translational energy
transfer due to the high rotational relaxation rate."*?® Thus, in our systems, we
believe the gas temperature is ~500 K, in good agreement with what we found
previously for SiH, and Si;Hs plasmas over a range of applied rf powers (P = 20-80
w).!
It is also commonly accepted that the average rotational temperature of the

gas-phase species in plasmas is equal to their average translational temperature and

thus to the ambient gas temperature. Our results for SiH do not, however, support this
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assumption. Indeed, the @ values measured for SiH in both SiH4/Ar and Si;He/Ar
plasmas are significantly higher than the gas temperature (~1000 K vs ~500 K) under
most dilution conditions. This indicates that the initially high translational energy has
not been thermalized prior to extraction from the source. The observation that Oy is
nearly the same as Oy at the highest Ar dilution for Si;Hg plasma is discussed further
below.

One possibility for the significantly higher ®r values found in the SiH,
systems and in most of the Si;He systems is that there has been some supersonic

expansion in the molecular beam. For a typical supersonic expansion molecular beam,
however, the internal energy of molecules is transferred to the kinetic energy during
the expansion, leading to very low ®@g values (e.g. <50 K). In our systems, @gr ~550
K, significantly higher than typical supersonic beams. Moreover, if supersonic
expansion was occurring, ®r would be high under all conditions and the addition of
Ar would not affect these values (as the pressure is the same). For the most diluted
Si;H¢ plasmas, however, we measure a lower Ot for SiH, indicating that the dilution
significantly affects the translational temperature, most likely through collisional
cooling. One additional point can be made from previous results in our laboratory for
a 100% H,O plasma, wherein we measured the rotational and translational
temperatures of OH radicals as nearly identical, with no dependence on applied rf
power.”® Finally, we have previously explicitly tested the effects of orifice size and
find no dependence on this parameter for either the ®ror ®r for SiH radicals. Thus,
we are confident that the effects we observe are not the result of supersonic expansion

of our molecular beam.
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Gas-phase production and loss reactions of radicals are important for
understanding thermal equilibration processes in a plasma system. Like other highly
reactive radicals such as Si and SiH,, SiH easily reacts with SiH, via Reaction 8,

SiH + SiHs < Si;Hs* + M — SizHs ®)
where M is a third body that collisionally stabilizes Si,Hs*.** Nomura et al. measured
the rate constant of this reaction as 4.8 x 10! cm®mol s in the afterglow of an
SiH4/Ar plasma at 300 K.’ Reaction 8 has, therefore, been considered as the primary
gas-phase loss mechanism of SiH in silane plasmas.” As noted above, the primary
creation mechanism for SiH is Reaction 3 in both silane and disilane plasmas. Thus,
the balance between these two processes affects both the SiH density in the plasma as
well as the thermalization of the translational and internal energies. For example, the
increase of Ar in both systems results in a significant decrease (~factor of 2-3 at 30%
Ar) in the number density of SiH as a result of fewer precursor molecules. Likewise,
the translational temperature of SiH shows different trends as a function of argon
dilution in SiH4/Ar and Si;He/Ar plasmas, as shown in Figures 5.4 and 5.5. In the
SizHe/Ar plasma, a clear dependence on the Ar fraction is found, whereas there is no
dependence on Ar dilution in the SiHs/Ar plasma. This difference in the translational
temperatures indicates that SiH radicals in the silane and disilane plasmas have
different thermal equilibration rates.

This can be understood by examining the source of the SiH being detected in
the IRIS experiments. In the 100% silane and disilane plasmas, the loss rate of SiH
radicals via reaction with SiHy is high due to the relatively high density of SiH4. The
detected SiH radicals in these systems must, therefore, be those extracted from the
plasma reactor before their kinetic energy has been thermalized via non-reactive

collisions with SiHs. These SiH radicals have a relatively high translational energy of
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~1000 K, which arises from the initial dissociation processes. It is assumed that the
third body collisional stabilization in Process 8 comes primarily from precursor gas
molecules in each system.

The gas-phase chemistry of the two systems is significantly affected by Ar
dilution. Specifically, the dilution affects the density of SiHy in the SiH4/Ar and
Si;He/Ar plasmas differently. In the disilane system, SiH radicals are produced via
subsequent dissociation of SiHj that is formed via electron impact of SioHs, Reaction
5. Because this is a secondary dissociation pathway, the SiH, density is relative low,
especially at high fractions of argon. SiH radicals formed in the disilane system are
thus more likely to be thermalized via non-reactive collisions before they are lost
through reaction with SiH4. In the silane plasmas, however, the relative SiH, density
is significantly higher than that in a disilane plasma. Thus, the loss of SiH via
reaction with SiHy is high, even at argon fractions of 0.5. Hence, the SiH radicals
detected within the investigated dilution range are most likely nascent SiH radicals
formed via Reaction 3, thereby maintaining a high translational energy, even with the
addition of Ar.

Support for this hypothesis comes from literature studies of Si atoms and SiH,
in SiH4/Ar systems. In comparison, Si atoms have a much higher reactivity with SiHj
than SiH,>*® whereas SiH, has a comparable reactivity to SiH.?’ Tanaka et al.
measured the translational temperature of Si in a 50 mtorr SiH4/Ar plasma using laser
absorption spectroscopy.3° From their data, ®1(Si) decreases significantly when the
fraction of SiH, is lower than 0.5. In the 100% SiH, system, ®1(Si) ~680 K, whereas
at 20% SiH,, ©1(Si) ~480 K. At 5% SiH, the translational temperature of Si reaches
room temperature, which indicates that the Si radicals have been completely

thermalized. In contrast, Kono er al. measured the translational temperature of SiH,
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in SiH4/Ar plasmas (40 mtorr, 4.5 W) and found that ®(SiH)) is close to room
temperature, 336 + 34 K, regardless of the SiH4 mixing ratio. Because of the high
reactivity of atomic Si with SiH4 molecules, Si atoms are lost via the Si + SiHy
reaction before their kinetic energy is thermalized by non-reactive collisions with
SiH4 and Ar. For SiH,, the rate constant of the SiH; + SiH, reaction is fairly large,
but it is still an order of magnitude smaller than that of the Si + SiH,4 reaction. Thus,
it is likely that SiH; produced via dissociation of SiH4 can experience several non-
reactive collisions before it is lost via the SiH, + SiHj reaction, even in pure SiHy
plasma. This can explain the low and nearly constant translational temperature of
SiH,.

Although the reactions of Si atoms and SiH; molecules in SiH4/Ar systems are
not identical to our SiH systems, the trends are the same. The translational energy
dissipation and equilibration of a species is determined by the non-reactive collisional
rate. Species with lower reactivity in higher inert gas-diluted systems will have more
efficient collisional cooling, thereby increasing the rate of thermal equilibration of
translational energy.

One additional note about the effects of Ar dilution on the gas-phase chemistry
in the plasmas. The initial rotational, vibrational, and translational energy for species
such as SiH originates from the dissociation process of the parent molecule, primarily
via electron impact reactions. Thus, the initial energy obtained in these degrees of
freedom is associated with the electron energy in the plasmas. Although we have not
explicitly measured the electron energy in the silane systems, we have previously
measured it in similar CH4/Ar plasmas,31 and found there is little variation in the
electron energy with Ar addition when the plasma is in an inductively-coupled regime.

Hence, we assume there is little variation in electron energy in the present systems.
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Nonetheless, even small variations could result in differences in the initial rotational,
vibrational, and translational energy distribution, which may be altered as the result of
thermalizing collisions in the plasma. We have explicitly demonstrated the effects of
thermalizing collisions on @t and @r. We have not, however, addressed the effects of
Ar addition on the amount of vibrational heating occurring in the system as there is
not a sufficiently high population of vibrationally excited SiH for us to detect in our

systems under the conditions used here.

5.4. Summary

We have studied the effects of argon dilution on the translational and
rotational energy equilibration of SiH in both SiH4/Ar and Si;He¢/Ar plasmas using the
IRIS technique. Within the investigated gas ratio range, the rotational temperature of
SiH shows no dependence on the Ar dilution in both systems, which indicates that the
SiH rotational energy has been thermalized. Ar dilution does, however, have different
effects on the SiH translational temperatures in the two plasma systems, which is
caused by different SiHy concentrations in the gas phase. The gas-phase SiH,4
concentrations in SiH4/Ar plasmas are higher. Thus in this system, there is no clear
dependence of O on the Ar dilution, which indicates that the loss of SiH through
reaction with SiHj in the gas phase is significant. The detected SiH radicals are likely
nascent radicals formed in the direct electron impact dissociation of SiHs. In contrast,
O1(SiH) in Si;He/Ar plasmas decreases significantly as the fraction of Ar increases,
which suggests that SiH radicals in the argon diluted disilane plasma efficiently lose

their kinetic energy through non-reactive collisions.
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CHAPTER 6

SURFACE REACTIVITY AND ENERGY ENERGETICS OF CH RADICALS
DURING PLASMA DEPOSITION OF HYDROGENATED DIAMOND-LIKE

CARBON FILMS

This dissertation chapter contains results from a full paper submitted for
publication to Journal of Physical Chemistry B. The manuscript was written by Jie
Zhou and edited by Ellen R. Fisher. This chapter describes the effects of applied rf
power, argon fraction, substrate temperature, and substrate bias on the surface
reactivity of CH radicals for CH4/Ar plasmas. The mechanisms of surface reactions
of CH radicals with surface were discussed. In addition, the translational and

rotational temperatures of CH radicals in CH4/Ar plasmas were also measured.
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6.1. Introduction

Hydrogenated diamond-like carbon (DLC) films can be used in a wide range
of applications because of their high hardness, extremely low surface roughness,
scratch resistance, chemical inertness, good thermal conductivity, high electrical
resistance, and optical transparency.! There are several low-pressure DLC deposition
methods, including microwave plasmas,z’3 electron-cyclotron resonance (ECR)
plasmas,*’ dc-arcjet discharges,®’ and inductively coupled plasmas (ICPs).®’ The
materials properties of films deposited by these techniques are usually dependent on
the plasma parameters, which implies that different plasma species play a key role in
film growth. Numerous studies have, therefore, been performed on plasma systems
and on gas-phase densities of the different species in methane-based plasmas.'®'?
During the deposition processes, neutral hydrocarbon species are considered as
important precursors for film growth and have been widely studied.'* For example,
Luque et al. studied CH radicals in the CH A%A «— X?II transition of a dc-arcjet
discharge by laser induced fluorescence (LIF)."> Menningen and co-workers used
absorption spectroscopy to measure CHj radical concentrations in hot filament and dc-
discharge reactors.'® The absolute concentration of C, has also been measured by
Kaminski et al. in a diamond chemical vapor deposition (CVD) reactor using LIF."’
Among these neutral species, CH; and CH, are thought to be the dominant
contributors to DLC film growth, whereas the contribution of CH radicals to film
formation is small due to its low flux in methane plasmas.'*'® However, the quality
of the film can be greatly affected by CH radicals.'* Therefore, data on the surface
reactivity of CH radicals is very important to understand the mechanisms of film

growth.
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The roles of gas-phase radicals and gas-surface interactions during film
growth processes are important to understand the overall methane plasma chemistry.
For example, Kuedell and coworkers have investigated the simultaneous interaction
of CH; and H radicals with a-C:H films using optical in-situ diagnostics.">'® They
found that the sticking coefficient of CHj radicals is related to the surface radical site
or “dangling bond” density. These sites are created by H radicals through abstraction
of surface hydrogen atoms. Impinging CHj; radicals then adsorb at these active sites,
leading to the growth of a-C:H films. In contrast to CHjs, CH radicals have high
reactivity (some reactions exhibit no activation barrier and, hence, occur even at low
temperature) in the gas phase.>** Furthermore, examination of the relevant literature
indicates that gas-phase CH is lost primarily through neutral chemistry with the parent
methane molecules.® To date, however, there is little information about the
relationship between the CH radicals and the quality of the deposited DLC films.
Therefore, the measurements of CH reactivity with surfaces by our imaging of
radicals interacting with surfaces (IRIS) in the present work will enable a better
understanding of the mechanisms of DLC film growth in methane plasmas.

The IRIS technique used in our laboratories provides a unique way to measure
radical-surface interactions during plasma processing of a substrate.2'2* It combines
plasma molecular beam techniques with spatially resolved LIF to study the state-
specific reactivity and the translational and rotational temperatures of plasma-
generated species during a plasma-processing event. With this method, the surface
reactivity of radicals during plasma processing is directly measured by two-
dimensional imaging using LIF. Moreover, the dependence of the surface reactivity

on plasma parameters, substrate material, substrate temperature (75), and ion energy
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can also be obtained with IRIS, primarily because the use of a molecular beam
facilitates independent variations of the plasma and surface conditions.

In addition, knowledge of energy participation between different species is
another important aspect to understand the overall chemistry occurring in low-
temperature plasmas. However, kinetic energy distributions of plasma species are
difficult to determine.>® IRIS not only allows us to obtain surface reactivity of
radicals interacting with surfaces but can also be used to measure speed distributions

2628 and of those scattered off of

of radicals in the plasma molecular beam
surfaces.”® The average translational speed of radicals is determined by taking LIF
images at different time delays after the laser excitation of the radicals and evaluating
the spatial shift of the LIF images. This speed can then be converted to a translational
temperature. We have measured both translational temperature, ®r, and rotational
temperature, Og, for SiH in SiH4/Ar and Si;He/Ar plasmas. The results showed that
®g was ~550 K and independent of applied rf power and gas composition, whereas
®1(~1000 K) was significantly higher than ®x in SiH4/Ar plasmas and independent
of argon fraction under the investigated range (< 40%).>' Interestingly, ®r in
SizHe/Ar plasmas was found to be close to ®g at high argon fraction, suggesting that
the initial high translational energy of SiH was thermalized via non-reactive collisions
in the disilane systems. This was attributed to the lower probability of reactions

between SiH and SiH, in the Si;Hs plasma.®’ Such studies have, therefore, allowed us
to discern different mechanisms for energy partitioning and have provided valuable
information on the relationship between the kinetic and rotational temperatures of
radicals in processing plasmas. In this study, the translational and rotational
temperatures of CH as a function of applied rf power and Ar fraction will be

measured. The energy partitioning in these plasmas will be discussed.
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6.2. Results

6.2.1. Spectroscopy. LIF is a nonintrusive and highly selective technique that
allows for the identification and study of one type of species among many others in
the plasma molecular beam. Figure 6.1a shows the CH excitation spectrum obtained
in a 50 mTorr, 100% CH, plasma, which represents the CH A%A «— X1 (0, 0)
transition. The entire excitation spectrum was collected by three individual scans at
different ranges with a step size of 0.002 nm. Figure 6.1b shows the excitation
spectrum of two closely spaced rotational lines, R; (/= 1) and Q; (J = 14.5), with
significantly different quantum numbers. A comparison of the relative line intensities
between the experimental spectrum with the spectra simulated at different rotational
temperatures, using LIFBASE program,*? yields ®g = 1460 + 20 K for CH in the 50
mTorr, 100% CH4 plasma at P =100 W.

Figure 6.2a shows the CH LIF intensity as a function of P for 50 mTorr, 100%

CH,4 plasmas. All CH LIF intensities were collected at the on-resonance wavelength,
430.402 nm [R;(J = 1)]. The background LIF intensity obtained at the off-resonance
wavelength (430.2 nm) was subtracted from the on-resonance LIF intensity to remove
interference from plasma emission. As seen in Figure 6.2a, the CH LIF intensity
increases almost linearly when P < 100 W. At P> 100 W, the CH LIF intensity
reaches a saturation region. Increasing P to 160 and 180 W results in a small decrease
in CH signal intensity. This variation trend contrasts with previous results obtained in
fluorocarbon plasmas, in which the CF; LIF intensity increases continuously with
increasing rf power.® It is, however, similar to results obtained for NH in NH3
plasmas.*

6.2.2. Radical-surface interaction. Surface reactivity in IRIS experiments is

measured by comparison of [CCD images obtained with the substrate in and out of the
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Figure 6.1a. The CH A’A «— XIT excitation spectrum from 429.65 to
430.45 nm using a 100% CH4 plasma at 50 mTorr, P = 100 W. The entire
excitation spectrum was collected by three individual scans at different
ranges. The R;(J = 1) line was used for IRIS reactivity and speed
measurements. The Lambda doubling of the rotational lines is not resolved
because of optical saturation of the transition.
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Figure 6.1b. The CH A’A «— X1 excitation spectrum (m) from 430.02 to
430.09 nm used for determining the ®g together with the simulated spectrum (-)
for a 100% CH,4 plasma at 50 mTorr, P = 100 W. The Lambda doubling of the
rotational lines is not resolved because of optical saturation of the transition.
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function of applied rf power and (B) a CH4/Ar plasma at 50 mTorr as a function
of Ar fraction.
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path of the plasma molecular beam. Figure 6.3 shows a typical set of 2-dimensional
ICCD images of LIF signals for CH in a 50 mTorr, 100% CH4 plasma at P = 140 W.
The CH signals in the incident molecular beam are shown in Figure 6.3a. In Figure
6.3b, the substrate is rotated into the path of the molecular beam and the LIF signal
includes both CH in the incident molecular beam and any CH scattered from the
substrate surface. Figure 6.3c is the difference between panels B and A in Figure 6.3,
showing only the CH signal from the surface. By averaging several columns of pixels
along the laser beam axis, 1-dimensional cross sections of the LIF images shown in
Figure 6.3a and 6.3c cab be obtained and are plotted in Figure 6.4. The simulation
results, shown as dashed curves in Figure 6.4, yielded a scattering coefficient, S =
0.01 + 0.04, which results in a surface reactivity of R = 0.99 + 0.04 at the surface of a
depositing a-C:H film.

The effects of applied rf power, substrate temperature, substrate bias, and Ar
fraction on the surface reactivity of CH have been measured and the resulting R
values are listed in Table 6.1. As can be seen clearly from the Table 6.1 data, the
surface reactivity of CH is nearly unity and independent of these parameters. This
high surface reactivity of CH implies that almost all incident CH radicals have been
lost at the surface, either via a simple adsorption, sticking reaction, an abstraction of a
surface atom reaction, or recombination with another radical at the surface.

6.2.3. Translational and rotational temperatures. A representative speed
measurement is shown in Figures 6.5 and 6.6 for CH in a CH4/Ar plasma with an Ar
fraction of 10% and P = 100 W, using four different time delays and a 90° geometry
between the laser and molecular beam. Figure 6.5 shows the ICCD images, and
Figure 6.6 shows the corresponding X-cross-sectional LIF signals. As the time delay

increases, the intensity of the LIF signal decreases and the cross section LIF signal
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Figure 6.3.

Two-dimensional ICCD images of CH LIF signals in (A) a 140 W, 100% CH, plasma molecular beam and

(B) with a Si substrate rotated into the path of the molecular beam at a laser-surface distance of 3 mm. Image C is the
difference between images B and A and shows only CH radicals scattered from the surface. Dashed lines indicate the

locations of the molecular beam and the laser beam.
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Figure 6.4. Cross-sectional data of the CH IRIS images presented in
Figure 6.3. LIF signals are shown for radicals in the molecular beam
incident on the substrate and for radicals scattering from the substrate
(corresponding to parts A and C of Figure 6.3, respectively). Dashed lines
are simulated curves as obtained by the reactivity simulation program
described in the text, yielding S = 0.01 £+ 0.04. This corresponds to a
surface reactivity for CH of R = 0.99 + 0.04.
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Table 6.1. Surface reactivity of CH measured with IRIS.

Argon rf power Substrate

Source gases ¢ ction (%) (W) T®  pias (V) R

CHL, 0 30 298 0 0992 0.05
0 100 298 0 0.98 + 0.03

0 120 298 0 1.00 = 0.04

0 140 298 0 0.99 + 0.04

0 160 298 0 0.98 + 0.06

0 100 311 0 0.97 £ 0.05

0 100 363 0 1.00 < 0.06

0 100 433 0 0.99 £ 0.05

0 100 503 0 0.97 £ 0.03

0 100 573 0 1.00 £ 0.06

0 100 298 400 0984004

0 100 208 200 099005

0 100 298 200 099005

0 100 298 400 098006

CHL/Ar 5 100 298 0 1.00 = 0.05
10 100 298 0 0.99 + 0.04

15 100 298 0 0.96 + 0.07

20 100 298 0 0.99 £ 0.05
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ICCD images of LIF signals for CH radicals in a 50 mTorr, CH4/Ar (Ar fraction = 10% and P = 100 W)
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Figure 6.6.  Cross-sectional data for the CH LIF images shown in Figure
6.5 (solid lines) at four different time delays: (A) 205 ns, (B) 705 ns, (C)
1205 ns, and (D) 1705 ns after laser excitation. Simulated curves for a CH
translational temperature of 2518 + 119 K are also shown (dashed lines).

In the inset, the spatial positions of the maxima of the LIF signals are
plotted as a function of time delay. The slope (1958 + 44 m/s) of the linear
regression corresponds to the speed of the CH radicals in the direction of
the central axis of the molecular beam, which is a lower limit to the CH
speed in the molecular beam.
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shifts along the direction of the molecular beam. The shift is more clearly seen in the
inset of Figure 6.6, which shows the peak position of LIF intensity as a function of
time delay. The LIF intensity decreases with increasing time delay as a result of the
radiation decay of the excited CH A’A state after the laser excitation pulse. As
mentioned above, larger steps in the time delay are preferred for more accurate
measurement, but this is limited by the relatively low signal-to-noise ratio at longer
time delays. The time delay steps (500 ns) used in the speed measurements are nearly
as long as the radiative lifetime of CH (538 ns). The simulation results are also
plotted in Figure 6.6. The good agreement between the experimental and simulated
cross sections indicates the CH radicals in the effusive molecular beam follow a
Maxwell-Boltzmann distribution. The simulation yields an average speed, v, of 1958
* 44 m/s, corresponding to @1 = 2518 + 119 K under these plasma conditions.

Figure 6.7 shows the average kinetic speed of CH as a function of applied rf
power and Ar fraction. For the measurement of power dependence, a 100% CH4
plasma was used as the molecular beam source and the pressure was kept at 50 mTorr.
As seen in Figure 6.7a, very high average kinetic velocities of CH were found at low
rf powers (20 and 60 W). Above 100 W, no significant change in the average kinetic
velocities can be seen at higher P. Interestingly, this rapid decrease in speed at low P
is concomitant with a transition of the CHs-containing plasmas from a low-density
regime to a high-density regime. Our previous work showed that there are two
significant regimes in our inductively coupled plasma reactor: (1) a capacitive E mode
with low plasma density, high electron temperature, and (2) an inductive coupling H
mode with high plasma density, low electron temperature.®® Figure 6.7b shows the
effects of Ar addition on the speed of CH radicals at different pressures, 50 and 110

mTorr. For these measurements, P = 100 W. No significant dependence of Ar
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Figure 6.7.  Speed of CH in the molecular beams of (A) 50 mTorr,

100% CHj4 plasmas as a function of applied rf power and (B) 50 mTorr and

110 mTorr CH4/Ar plasmas (P = 100 W) as a function of argon fraction.
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fraction on the average kinetic speed of CH can be found under the investigated Ar
fraction range at both pressures. However, the average kinetic speed of CH radicals is
significantly lower at the higher pressure. This might indicate higher electron
temperatures at higher pressure.

The average CH kinetic translational temperatures are shown as a function of
P and Ar fraction in Figure 6.8. At very low rf powers, 20 W and 60 W, @t values
are 9050 + 2357 K and 4273 + 1293 K, respectively. The large errors are most likely
the result of plasma instabilities associated with the difficulty in sustaining the plasma
at these low powers. At P> 100 W, no significant dependence of @1 (~ 2050-2300 K)
values on P was measured. Ot values at different Ar fractions and pressures are
shown in Figure 6.8b. No clear dependence of translational temperature on the Ar
fraction can be observed. However, ®r is significantly lower at the higher source
pressure of 110 mTorr.

Figure 6.8 also shows O as a function of P and Ar fraction. As discussed
above, By is determined from two closely spaced rotational lines with considerably
different quantum numbers (Figure 6.1b). As can be seen clearly, ®Og is almost
independent of P, Ar fraction, and pressure, which indicates that the rotational energy
of CH radicals have been thermalized. Filippov ef al. have calculated that the rotation
relaxation coefficient of CH is = 1.6 x 10"'° cm*/s.*® Comparing this relaxation rate
with the chemical reaction rate of 1 x 10™'° cm?/s for the reaction of CH with CH,, CH
can be easily rotationally equilibrated via several non-reactive collisions before
reacting with the CH, molecules.'**” Brown et al. indicated that rotational

equilibrium can be achieved for diatomic molecules in four to six collisions.®
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Figure 6.8.  Average kinetic temperature, ®r, and rotational
temperature, g, of CH in (A) 50 mTorr, 100% CH, plasmas as a function
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110 mTorr as a function of argon fraction. The @t values correspond to
the speeds shown in Figure 6.7.
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6.3. Discussion
To explain the power dissipation and the observed CH LIF intensity variation
with applied rf power in CH4 plasmas, the creation and loss mechanisms of CH in the
CH, plasmas need to be addressed. In CH, plasmas, CH is created primarily by direct
electron-impact dissociation reactions of CHy, reactions 1 and 2 (the threshold
energies for these two reactions are 9.19 eV and 13.71 eV, respectively),>'°
CH,+e—CH+H+Hy+e (1)
CHs+e—>CH+3H+e 2)
rather than through a sequential dissociation of CH; or CH,, as shown in reaction 3,
CHy(x=23)+e—>CH+H(H,) +e 3)
There are two loss channels for CH radicals, gas-phase reactions and surface
loss reactions. For the gas-phase loss channel under the present discharge conditions,
two reactions are important:
CH+H—-C+H; 4
CH+CHy; —» H+CyHy (5)
Reactions 4 and 5 have no activation barrier, hence, they occur even in a cool-
discharge environment with high reaction rates, 3 x 10"%and 1 x 107% cm®/s,
respectively.® Furthermore, considering the low density of H relative to that of CH, in
CH,4 plasmas, reaction 5 should be the primary loss channel for CH radicals in the gas
phase. As shown in the results section above, CH radicals demonstrated very high
surface reactivity, suggesting that the primary surface loss mechanism is reaction 6:
CH + surface — product ©)
Assuming that creation and loss of CH radicals are in an equilibrium, a balance

equation for CH radicals can be written as (ignoring reaction 2 and 4):

k[CHa]n, = ki CH][CH4] + kis[CH] A, @)
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where k., ki, and k;, are the rate constants for the CH creation reaction 1, the CH gas-
phase loss reaction 5 and the CH surface loss reaction 6, respectively; 7. is the
electron density in the CHy4 plasma; A; is the surface area of the plasma reactor. Note
that n, is proportional to P in our present conditions (n, = kP, where P is applied rf
power), which has been confirmed by Langmuir probe results in our previous work.>

Equation 7 also can be rewritten as equation 8:

[CH] — kc[CH4 ]ne
klg [CH4 ] + kls As

)

Here, [CH,] is also a function of P and decreases with increasing P because the
methane plasmas are highly depositing systems. As P is increased, the degree of CH,
dissociation will increase due to the increase in electron density, yielding a higher
deposition rate. Consequently, CH,4 density decreases during the residence period in
the plasma reactor as a result of the deposition loss of hydrocarbon radicals or ions,
which are produced via the dissociation reactions of CH4 molecules by electron
impact. The accurate description of /CH,J as a function of P will not be discussed
here due to the complexity. At low rf power (kig[ CH,]>>k;4; because of the low
dissociation rate of CH, and high [CH,J), Equation 8 can be expressed as /[CH] = kP,
which corresponds the linear region in Figure 6.2a. For 100 <P <180 W, fCH] is
maximized because the increase of [CH] as a result of an increase of #, has been
counteracted by the decrease of [CH,J because of film deposition. At P> 180 W, the
increase in CH density from higher n, can not compensate for the loss of [CH,]
through film deposition. Therefore, a small decrease of /CH]J can be seen at this
region, although it is still within experimental error. The CH LIF intensity decreases
monotonically as a function of Ar fraction for 50 mTorr CH4/Ar plasmas at P = 100

W, Figure 6.2b, as expected from the decrease in CH4 concentration in the mixture.
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The surface reactivity of CH is nearly unity and independent of all
experimental variables studied, suggesting CH production via ion bombardment of a-
C:H film or via surface reactions of other species are clearly negligible. The
mechanism for surface loss of CH radicals is, therefore, of significant interest. The
growth mechanisms of hydrogenated carbon films can help elucidate this. It is well
known that in methane containing plasmas, CH; and CH; radicals have higher gas-
phase density; they are, therefore, considered the main contributors to film growth.3 8
Morrison and coworkers have reported that 48.5% and 42.2% of total dissociation
reactions of CH,4 contribute to the creation of CH; and CHo, respectively, whereas
only 4.4% contribute to the creation of CH.'” Tachibana et al. also reported that the
calculated deposition rate contributed by CH radicals is smaller than the observed
deposition rate by two orders of magnitude.'* Thus, film growth is primarily
controlled by the following processes: (1) the abstraction of H from the C-H bonds on
the surface by H radicals, thereby creating active sites on the surface; (2) CH3 and
CH; radicals adsorb at these active sites, resulting in film growth. Here, we propose
the following mechanisms for the surface-interactions of CH radicals. Note, no CH
desorption process is proposed as a result of negligible scattered signals in our IRIS

experiments:

:CH (ﬁH2

)
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(10)

(11
As shown in reaction 9, CH radicals may react with active sites on the surface
to form intermediate radicals, which sequently convert to stable C; products. The
probability of CH surface loss via reaction 9 clearly depends on the surface density of
active sites. From the literature, the surface coverage percentage of sp3-CH groups,
sp>-CH groups, and active sites on the surface of an amorphous hydrogenated carbon
film is ~ 95%, < 1%, and 4%, respectively.39 This means that the surface loss of CH
radicals via reaction 9 occurs with low possibility due to the low density of active
sites on the surface of a-C:H film. Alternately, CH radicals may react with C-H
bonds on the surface via reactions 10 and 11, because of a large amount of C-H bonds
on the surface of a-C:H film. Considering the high reactivity rate of CH radicals with
H; in the gas phase Qia CH + H, — CH, + H (rate coefficient is 2.01 x 107 cm?/5)*
and the lower bond energy of C-H (413 kJ/mol) than that of H-H (436 kJ/mol),*' we
can reasonably speculate that reactions 10 and 11 can occur with high probability on
the surface, although there are no direct kinetic data for these reactions. The
intermediate C, active sites can be quickly filled by CH; and CH; radicals coming
from gas phase via reaction 10 and 11, respectively, resulting in film growth. From
the discussion above, CH is clearly involved in film growth despite its low gas-phase

density.
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Knowledge of energy partitioning between different plasma species is
important to an overall understanding of the chemistry occuring in low-temperature
plasmas. It is commonly accepted that the average rotational temperature of gas-
phase species (including stable species, as well as transient species such as radicals) is
equal to the average gas temperature.*>*> The results presented here, however, are in
apparent disagreement with this assumption, because ®r is considerably higher than
Og for CH in methane plasmas. During the dissociation process by electron impact
reactions, the electron energy is used to dissociate precursor molecules, and the
released excess energy is transferred to the dissociated fragments. Therefore, high
initial translational and rotational energies for these fragments can be obtained from
the high electron energy. As observed in the present work, ®g is independent of P, Ar
fraction and pressure, which indicates that the high initial rotational temperatures have
been thermalized because of the high rotational relaxation rate for CH. However, the
O values measured in 100% CH4 and CH4/Ar plasmas are significantly higher than
the @g values (this is more obvious at low pressure), which suggests that the initial
high translational energy has not been thermalized prior to extraction from the plasma
reactor.

In Figure 6.8a, two very high ®r values obtained at the low P can be explained
by higher electron temperatures in the low-power regime. This has been confirmed
by our previous diagnostic data in CHa4/Ar plasmas using a Langmuir probe.35 In that
study, we also found that the electron temperature, T, is nearly constant in the high-
power regime. The variation in ©r can, therefore, be explained by the change in 7 in
the plasma. Moreover, the lower ®r values at the higher reactor pressure, Figure 6.8b,
are consistent with this assumption, as 7, usually decreases with increasing pressure.?

Although there are no direct data available on translational relaxation rates for CH
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created by electron-impact dissociation of CHa, the data obtained here indirectly
support another assumption that the relaxation rate of the translational energy is much
lower than that of rotational energy and the reaction rate between CH and CHa.
Considering the high reaction rate with CHj in the gas phase, CH radicals probed in
the molecular beam are produced relatively close to the extraction orifice. Radicals
with higher translational temperature will have fewer collisions than colder CH. As a
consequence, the CH that survives and is extracted into the molecular beam could be
relatively hot. These CH radicals would also have less opportunity for full
equilibration. Ar addition to the plasma increases the possibility of thermalizing
collisions. As can be seen in Figure 6.8b, however, the CH translational energy was
still not thermalized even when the gas mixture was 20% Ar. Further increasing the
argon fraction in CHy4/Ar mixtures, however, is limited by the significant decrease in
CH signal at higher Ar fractions. In a previous study, we measured the ®y (SiH) in
Si,He/Ar plasmas as a function of argon fraction.” We found that the ® (SiH)
decreased significantly with increasing argon fraction, because the added argon
significantly decreased the probability of a chemical reaction between SiH and SiH,4
due to the decrease in SiH,4 density in Si;He/Ar plasmas. Hence, although not strictly
parallel to our present system, these results indicate that the initial high translational

energy still can be relaxed via non-reactive collisions.

6.4. Summary

The surface reactivity of CH radicals produced in CH4/Ar plasmas as a
function of various parameters including applied rf power, argon fraction, 7, and
substrate bias has been measured using the IRIS technique. A surface reactivity of

nearly unity has been observed for CH under all conditions studied. This very high
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reactivity suggests that the CH radical has a significant influence on the properties of
the hydrogenated carbon films, despite its relatively low gas-phase density in CHy
plasmas. In addition, the kinetic translational temperature and the rotational
temperature of CH were measured. @y is essentially independent of P and gas
composition, which indicates that the rotational energy of CH radicals is thermalized
due to the high rotational relaxation rate. ®r values are, however, considerably higher
than the @, especially at low source pressures, suggesting the thermodynamic
equilibrium for @ has not been established in these systems. The high initial O is
likely a result of the excess energy released in the electron impact dissociation process

of CH4 and is also associated with the electron temperature in the plasma.
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CHAPTER 7

RESEARCH SUMMARY

This dissertation chapter addresses general considerations for plasma
polymerization and plasma enhanced chemical vapor deposition. Additionally, future

directions for this work are briefly discussed.
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Deposition of coatings by plasma enhanced chemical vapor deposition
(PECVD) is the most complex of all plasma surface treatment techniques. Full
understanding is still limited, and the development of new deposition processes is
mostly empirical. Advanced diagnostic techniques for both gas-phase species and
plasma-surface interactions enable us to better understand the mechanisms of film
growth. In thermal chemical vapor deposition (CVD) systems, the film growth is
determined by thermodynamic reactions of species and controlled by the substrate
temperature. The film growth in plasma reactors, however, originates from the
bombardment of a flux consisting of all active species, such as radicals and ions
which are created through the dissociation of precursor molecules primarily by
electron impact. The characterization of these active species and electron energy,
therefore, is critical for in-depth understanding of film growth.

In a low-temperature plasma, the free radical density is up to 10° times higher
than the ion density; the plasma polymerization of organic molecules thus occurs
generally through radical-molecule reactions.! Among a variety of plasma parameters,
the electron energy in plasmas is a critical parameter during plasma polymerization.
For example, as noted in Chapter 3, a higher degree of retained functional group in
the polypyrrole backbone can be obtained by increasing the duty cycle of pulsed
plasmas. The literature also shows that an energy of 0.0015 eV is consumed per
styrene molecule for a typical chemical polymerization of styrene leading to
polystyrene of a molecular mass of 100 kDa.> This energy is much lower than the
average electron energy in our inductively coupled plasmas (ICPs) (1-10 eV).
Moreover, the radical chain propagation is exothermic, and therefore, requires no
additional energy.” The excess energy in the plasma will, therefore, lead to a large

number of side reactions due to the rupture of the chemical bonds in the monomer.
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For plasma polymerization of chemically well-defined polymers, lower electron
energy and longer duty cycles are usually adopted.

Ion energy is another critical component of low-temperature plasma
deposition processes. The substrate in these deposition systems is often negatively
biased with respect to the plasma potential by means of an external power supply, so
positive ions play a very important role in plasma-surface interactions. Positive ions
bring energy to the surface and, thus, can assist chemical reactions and desorption of
weakly volatile species, or induce direct sputtering. Ions are also chemically reactive
species and their role on deposition or etching may not be negligible if their flux is
comparable to that of neutral species. As described in Chapter 4, when the ion energy
is lower than 30 eV, the deposited hydrocarbon film is more polymer-like. In addition,
radicals still appear to be the primary contributors to the growth of DLC films due to
their high density. In DLC film growth process, high-energy ions break the surface
C-H bonds and etch away weak C-C bonds. The active sites created by high-energy
ions are filled quickly by hydrocarbon radicals, leading to DLC film growth.

Although the IRIS studies of CH radicals have been investigated in this
dissertation, additional IRIS work could be conducted to provide more information
about DLC film growth mechanisms. As mentioned in Chapter 4, H and CHj are also
important gas-phase radicals not only because of their high density in the plasma gas
phase, but also because of their direct participation in the growth of DLC films. It has
been speculated that H radicals may act as etchants to abstract H atoms from surface
C-H bonds to create surface active sites.** CHj and CH; radicals can then react with
these active sites, ultimately, leading to film growth. To date, the direct evidence on
the surface reactivity of H and CHj, radicals is still missing. In the literature, H

radicals have be detected by a two-photon LIF technique,’ and the B-A transition of
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CH, has been studied by LIF.® These LIF detection methods could help us to
investigate the surface reactivity of these two radicals using our IRIS technique in the
future.

Additional IRIS studies of the surface reactivity of H radicals as a function of
ion energy would also be a reasonable future direction for these studies. As shown in
this dissertation, high-energy ions significantly increase the hardness of DLC films.
But it is still not clear how these high-energy ions etch surface hydrocarbon bonds and
what the etched products are. If high-energy ions break C-H bonds on the surface of
hydrocarbon films, H radicals could be created at the surface during this process. As
a result, the scattered H signals from the surface should increase with increasing ion
energy. Therefore, experimental studies using IRIS may provide more data on
plasma-surface interactions, which will help elucidate mechanisms of DLC film
growth.

In addition to the uses for plasma-deposited DLC films, CHs-containing
plasmas, such as Ho/Ar/CH, plasmas, have been also used for the production of high
quality diamond films.”® The IRIS methods and data presented in this dissertation
offer an opportunity to extend our research to explore the effects of multiple species,
such as H, C, C,, C;, CH, and C;H,, in a single diamond film deposition system.
Currently, the main concerns are focused on how different plasma species influence
film growth, which needs more data about radical-surface interactions. The obtained
information will be helpful to better understand the mechanisms of diamond film
growth. Among these interesting species, the IRIS study of C, radicals is currently
underway in the Fisher group. The C, radical is considered to be an important species
during diamond film growth. Gruen and coworkers observed a strong correlation

between C; emission and diamond film growth rate.” Klein-Douwel et al. found C,
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emission relate to diamond film quality.” Moreover, the absolute concentration of the
C; radical in a microwave excited diamond PECVD has been measured by LIF.'° The
transition of d’IT,-a’IT, Swan bond near 473 nm was excited and the induced
fluorescence was subsequently observed in the (1,1) band and some in the (0,0) band
at 511 and 516 nm, respectively.'® Therefore, the IRIS studies of the C; radical, such
as surface reactivity, ion energy effects on surface reactivity, and the energetics of Cs,
would be useful for elucidating the roles of C; during DLC and diamond film growth.
Combined with the results presented in this work, a very complete picture of the

mechanisms for hard carbon film growth will be developed.
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