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Chapter 1
Introduction

1.1. Purpose of the Study

The study explains why and how an electron cyclotron resonance – microwave –
chemical vapor deposition (ECR-MW-CVD) system was selected as a method to deposit
a variety of thin films at temperatures ≤ 200ºC to make specific types of capsules needed
for laser-fusion experiments1 – 5. The explanation of how the unique plasma properties of
the ECR feature affect the deposited-film properties is provided through the depiction of
the ECR-MW-CVD method ambipolar-state’s character — or sum of properties or
characteristics — that define the ambipolar-state of the ECR-MW-CVD method at the gassubstrate interphase and how such ambipolar-state’s character allows the molecular
balance between the species that form the film at the gas-substrate interphase. The study
also offers empirical evidence of how the system’s processing conditions affect the ECRMW-CVD method ambipolar-state’s character and how the ECR-MW-CVD method
ambipolar-state’s character influences the properties of hydrocarbon films.
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1.2. Roadmap of the Study

The

study consists of

a

construction

and commissioning

phase, an

experimentation phase, and a verification-by-proof cause-and-effect phase. The
construction and commissioning phase consists of build, test, and qualify an ECR-MWCVD system. The experimentation phase has two stages. Its first stage consists of
depositing hydrocarbon films at selected conditions using the ECR-MW-CVD system. Its
second stage consists of characterizing hydrocarbon films using multiple methods to
determine if and how the processing variables affect the properties of the deposited films.
The verification-by-proof cause-and-effect phase consists of matching the processing
conditions of the system to the properties of the film using spreadsheets, images, and
research literature.

1.3. Importance of the Study

Capsules containing the fuel for laser-fusion experiments must be low density and
comprise of low-atomic-number elements (preferably only carbon and hydrogen), be like
spheres with an out-of-round less than 0.2%, and possess higher-atomic number atoms
such as silicon to help inhibit relativistic electrons from pre-heating the fuel2

– 6,

Most

important, the surface needs to be smooth to limit Rayleigh-Taylor induced hydrodynamic
instabilities from compromising the compression of the deuterium-tritium fuel to produce
a high neutron yield3.
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Today, these capsules are made using cylindrical inductively coupled plasma
processes known as glow discharge polymerization (GDP) — processes that can vapordeposit hydrocarbon films in a low-pressure low-thermal-equilibrium plasma. Nonetheless,
there is interest in enhancing the capabilities of those GDP processes to make capsules
with strength equal to or less than 200 GPa from elements with atomic-number equal to
or less than 15.

An ECR-MW-CVD method might assist in the enhancement of current GDP
processes by vapor-depositing hydrocarbon films on top of low-density spherical plastic
shells at less than 200ºC6 – 9. However, the method can not be approved for making shells
until the fusion community understands how it works, why it works as it does, and how to
control it to vapor-deposit desirable types of shells. Thus, this study focussed on
explaining to the fusion community what types of capsules they can get through the
depiction of the ECR-MW-CVD method ambipolar-state character backed up with
evidence from a space parameter analysis of hydrocarbon films made at a specific
condition.

1.4. Features of the ECR-MW-CVD System Used in this Study

The ECR-MW-CVD system has five main components — three of these are a
vacuum chamber, a gas manifold, and a commercial ECR-MW source; the other two are
a heater and DC high voltage supply. The ECR-MW source generates waves at 2.45 GHz,
the electron resonance frequency at a magnetic field of 875 Gauss9, 10. The ECR-MW
source heats the species inside the system by stripping electrons from the atomic species
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and confining them to cyclonically motion around lines of magnetic field9, 10. That type of
confinement makes it possible to ionize more molecules per unit volume, or to increase
the degree of ionization energy per molecule, in the system without adding thermal heat.
This phenomenon allows the films to be deposited[- at low temperatures7 with properties
that otherwise only could be achieved at much higher temperatures. Nonetheless, the
heater11, 12, and voltage supply12 provided supplemental heat and biased the polarity of
the substrate to increase the kinetic energy of the depositing radicals 7 – 12.

1.5. Other Components of Interest of the Study

1.5.1. Features of the Films Deposited in the Study

The type of film deposited in this study is hydrocarbon film, a matrix of carbon and
hydrogen different from a polymer because there is no associated chain length; the
structure is best thought of as a solid solution 6 – 8, 11, 13, 14. These materials have a high
degree of molecular complexity associated with their matrix, as well as a wide variety of
characteristics6

– 8, 13

. For example, their microstructure can have varying degrees of

crystallinity embedded in an amorphous structure, depending upon the carbon-tohydrogen ratio,6, 10, and the energetics of the absorbed species at the interphase, which is
typically controlled by the temperature of the substrate. Moreover, the microstructure can
be tuned, energizing the atomic species absorbed onto the surface using the high ion
energy density source of the ECR-MW-CVD system.
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1.5.2. The Deposition of Hydrocarbon Films

The ECR-MW-CVD system deposited various types of films suitable for making
shells for laser fusion experiments. The data from the characterization techniques showed
that these films were from 0.2 to 9.8 µm-thick, their refractive indices were from 1.2 to 1.6,
their densities were up to 1.8 g/cm3, and their hardnesses and stresses were from 0.3 to
12.1 GPa and from 5.2 to 180 GPa. It also showed that these films possessed roughness
ranging from 4 to 430 nm-rms over an area of 10,000 µm2. However, at pressures < 3 Pa,
no deposition was achieved as the plasma conditions favored etching or desorption over
deposition or nucleation, and there was no film growth observed at pressures > 7 Pa.

The hydrocarbon films deposited in this study used methane gas as the limiting
reactant and hydrogen as dilution gases. Other gas combinations are known to form
hydrocarbon films, but this study was limited to these two gases to limit the complexity of
the gas- and surface chemistries that occur 6.

All the syntheses were at substrate

temperatures ≤ 200ºC and pressures between 2.6 – 7.0 Pa. Films were deposited on
silicon (1,0,0) and Kapton HN film16. Depositions were done by changing ECR-MW
powers, ECR-MW voltage-to-current ratios or resistances, gas pressures, and methaneto-hydrogen ratios9, 10. Also, by changing the substrate temperature and electrical bias of
the substrates10 – 12.
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1.5.3. The Verification-by-Proof Cause-and-Effect Phase

The verification-by-proof cause-and-effect phase was a two-stage process that
combined research literature with software. The first step was to arrange the data
corresponding to the independent and dependent variables into matrices, graphics, or
images. This step employed multiple spreadsheet calculations, basic statistics, image
processing, and illustration techniques to record, manage, and analyze the data. The
second step was to use these matrices and visual arrangements to verify cause-and-effect
between the dependent and independent variables. In this step, the observations were
backed up using literature related to the ECR-MW-CVD technique9 – 12, hydrocarbon films6,
7

, laser fusion experiments1 – 5, and each characterization methodologies used to measure

the films’ properties.

The study classified the system’s processing parameters and the films’ properties
into three types of variables: independent-variables, dependent-variables, and mixedvariables, where the term mixed-variables refers to those variables that are neither fully
independent nor dependent variables. The main independent variables were the substrate
temperature, the percentage of methane, the total gas pressure, the processing time,
ECR-MW voltage-to-current ratio — or ECR-MW resistance, and the ECR-MW power.
Ancillary independent variables were the substrates and the heater temperature. The
dependent variables were the thickness, stress, roughness, hardness, density, color, and
coating uniformity of the films. The mixed variables were the surface’s chemistry and the
refractive indices of the films.
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1.6. Overview of the Relationship between the ECR-MW-CVD Method, its AmbipolarState’s Character, and the Properties of Vapor Deposited Films

In any vapor deposition method, films are grown according to five phenomena:
diffusion, inter-diffusion, desorption, step-nucleation, and 3D-nucleation. Figure 1.6-1
shows the action of these phenomena in the formation of the films17.

How and which of these phenomena predominate to form a specific type of film is
exclusive of each VD method. This statement is true for physical vapor deposition (PVD),
where the species inside the plasma are only ionized to bombard a target that ablates and
form the film, or for chemical vapor deposition (CVD), where the species inside the gas or
plasma react to form ionized radicals, and then, reacted to form the film6, 7, 10, 18.

Figure 1.6-1. Atomic transfer phenomena happening in VD methods17.
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In the electron cyclotron – microwave – chemical vapor deposition (ECR-MWCVD) method, the species inside the plasma are ionized using a moderate electron
density and ion energy source. As a result, films can grow at low deposition temperatures
due to the moderately high density of energized ions that results from a moderated density
of energized electrons inside an ECR-MW plasma6, 7, 9 – 11, 19 – 21.

The features of the ECR-MW-CVD method make that method a complementary
approach for vapor-deposit films for laser fusion experiments. Currently, these films are
deposited on plastic shells via plasma-assisted chemical vapor deposition (PA-CVD) and
to helical discharge resonation (HDR). While the ECR-MW-CVD, PA-CVD, and HDR have
provided similar electron-plasma confinement, the HDR’s source delivers lower ion energy
to the species in the plasma than the source of an ECR-MW-CVD’s course does. Likewise,
the ECR-MW-CVD’s source gives lower ion energy to the species in the plasma than the
PA-CVD’s source does2,

9, 10, 17, 20, 21

. The moderate ion bombardment and electron

confinement of the ECR-MW-CVD’s source makes an ECR-MW-CVD system deposit
films with moderate strengths, hardnesses, and densities17 that are smoother than those
films deposited via PA-CVD or HDR6, 11, 16 – 18.

Nevertheless, the most important thing of the ECR-MW-CVD method is its
ambipolar-state’s character, which dictates how the plasma species interact at the gas
substrate interphase to form a film9, 14, 17, 21. The concept ‘ambipolar’ refers to the balanced
coexistence of the species with opposite characteristics — such as a proton vs. an electron
— at the gas substrate interphase. For the specific case of the ECR-MW-CVD method,
the ambipolar-state’s character of an ECR-MW-CVD system makes the ECR-MW plasma
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to be neutrally charged22, 23. What is more, the ambipolar-state is transient, in part because
of the transient nature of conductivity in the substrate during the deposition process and
because of the conditions at which films are deposited. Furthermore, the ECR-MW-CVD
method ambipolar-state’s character should also be discrete, discriminant, and thus,
susceptible to any change in the plasma condition within the ECR-MW-CVD method
because of the moderate ion energy and electron density produced by the ECR-MW
plasma source.

Ironically, regardless of the ECR-MW-CVD method ambipolar-state’s character
exists, and it must be depicted no one has ever validated its existence experimentally. The
ambipolar-state’s character of the ECR-MW-CVD method makes films grow as they do
inside an ECR-MW system. Furthermore, research literature shows that the transient,
discrete, discriminant, and susceptible of the ambipolar-state’s character of the ECR-MWCVD method can be influenced by intrinsic and extrinsic conditions in the ECR-MW
environment. That justifies why the deposition parameters of the ECR-MW-CVD system
can be manipulated to control the properties of films while these are deposited.

1.7. The Rest of this Manuscript

The rest of this manuscript shows in more detail the role of the ambipolar-state’s
character of the ECR-MW-CVD method and its influence on the properties of vapordeposited films deposited at low energy and near-ambient substrate temperatures. It
provides empirical knowledge for making films with a broader range of properties from the
perspective of the ambipolar-state’s character of the ECR-MW-CVD method.
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In addition to that, the rest of this manuscript offers supporting evidence that
qualifies the ECR-MW-CVD method as part of the GDP processes to make capsules for
laser fusion experiments. In short, it shows that the ECR-MW-CVD method can deposit
films with moderate-high densities and modulus at near-ambient substrate temperatures
in a controllable way like no other VD method did1 – 5.
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Chapter 2
The Electron Cyclotron Resonance – Microwave – Chemical Vapor Deposition or (ECRMW-CVD) Method and Its Ambipolar-State’s Character

2.1. A Justification to Depict the Ambipolar-State’s Character of the ECR-MW-CVD
Method

The ECR-MW-CVD method can deposit a variety of films at low substrate
temperatures1 – 3 as no other vapor deposition method could. Since 1977, the ECR-MWCVD method proved can deposit hydrocarbon films with amorphous and crystalline
microstructures1, 4, 5. Even more, some researchers dared to claimed that the ECR-MWCVD method can vapor-deposit films as dense and hard as diamonds at near-ambient
temperatures1 – 5.

Nonetheless, still today researchers are struggling using the ECR-MW-CVD
method for depositing specific types of films in a reliable way. It has been difficult to
establish coherent relationships between the films’ properties and the conditions as which
those are deposited inside an ECR-MW environment. In a similar way, it has been difficult
for researchers to decouple the characteristics of an ECR-MW plasma.
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The main cause for researchers being struggling understanding how to use the
ECR-MW-CVD method is the limited knowledge about the ECR-MW plasma environment.
In first place, the traditional understanding is that inside of a vapor deposition system’s
plasma environment atoms collide randomly, react in the gas phase, deposit on the
substrate, and form species that react on the substrate1, 2, 6. In second place, there is
understood that the ECR-MW plasma obeys laws from classical mechanics regardless of
if it is a low-temperature plasma. In third place, some researchers believe that the ECRMW plasma environment produces great quantity of ions by imposing higher electrontemperatures and electron-densities to the gases1 – 3, 6 – 9. In other words, that ionized
species are accelerated towards the substrates by the voltage drop across the plasma
sheath (or presence of an externally applied dc bias) and strike, and either stick to, or
recoil the surface; thereby, creating a gas-substrate interphase2, 4, 7, 8 where films form via
a competition between growth and etching processes that allow the species to be
absorbed in the nascent film matrix in time scales ≤ 10–12 s. Alternatively, some
researchers think that the ECR-MW plasma source can impose more or less energy per
molecule in the gas-phase dictating the rate of collision and the growth-over-etching ratio
of the species that end forming the films3, 5 – 7.

The only way to solve this misinformation problem is via empirical means. There
is the need to acquire data from the process and correlate it to the observations in the
films’ properties through a concept that allows such correlation to be explained and
understood coherently. That concept was briefly introduced in Section 1.6 as the
‘ambipolar-state’ and it is characteristic for any synthesis method.
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The depiction of the ambipolar-state’s character of the ECR-MW-CVD method is
the empirical solution created in response to that misinformation problem. That depiction
promotes the re-examination of the relationships between the conditions inside an ECRMW-CVD system, its ambipolar-state’s character — which is the sum of properties or
characteristics that defines the ECR-MW-CVD system —, and the films’ properties.
Besides, the current domain of the ambipolar-state’s character of the ECR-MW-CVD
method extends from the surface of the substrate to the end of the plasma sheath. Lastly,
the depiction of the ambipolar-state’s character of the ECR-MW-CVD method should
consists of and strengthen existent theories about how the ECR-MW-CVD method works
as well as how and why it can be set to make a specific type of film.

The rest of this chapter exposes all the information needed to understand the
working science behind the depiction of the concept ‘ambipolar-state,’ the ECR-MW-CVD
method, and its ambipolar-state’s character. It discusses the historical efforts and current
issues concerning the use of the ECR-MW-CVD method to deposit hydrocarbon films. It
expounds the governing principles behind the science of the ECR-MW-CVD method. It
exposes the descriptive theory of the ambipolar-state’s character of the ECR-MW-CVD
method for the first time in history. It ends explaining how internal and external processing
variables of an ECR-MW-CVD method affect the character of its ambipolar-state and how
that ends dictates the end properties of hydrocarbon films.
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2.2. A History behind Vapor Deposition and Characterization of Hydrocarbon Films

2.2.1. Vapor Deposition of Hydrocarbon Films using Non-ECR-MW Sources

The deposition of hydrocarbon films began with the growth of synthetic diamond
stones via non-CVD methods in 195510. During that year, diamond crystals with outside
diameters < 100 µm and > 1 mm were discovered embedded in a graphite and coal
composite matrix by P. F. Bundy and coworkers, after they submitted a graphite disk for
few seconds to 800 and 1,000ºC and pressures between 25 and 40 x 103 Pa.

Since the 1960s, thick-films made of inorganic and organic elements were grown
using physical vapor deposition (PVD) methods. Those methods could grow films with
distinct morphological features at temperatures ≥ 300ºC. Nonetheless, it was not until the
1990s when the trends between the microstructure of these materials at the nano and
micro scales and conditions at which these were made the inside the PVD methods got
the interest from national entities such like the U.S. National Research Council and the
U.S. National Science Foundation 11 – 13.

The knowledge gained from PVD methods was applied in CVD methods, which
allowed researchers to deposit films that have properties similar to diamond on various
types of substrates at high substrate temperatures and at sub-atmospheric deposition
pressures. Diamond crystals were grown between 10 and 41 hours at temperatures of
~980ºC, at pressures that went from 20 Pa to 61 x 103 Pa, and methane-over-hydrogen
ratios that went from 0.01 to 0.94. Some of these depositions were accomplished using
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diamond seeds as substrates via thermal initiated-CVD14 and others via thermal-initiated
PVD methods11 – 13. These methods could grow carbon crystalline films at a rate > 1 µm/hr
on silicon, copper, and tungsten assisted by via a technique known as chemical-transportreactions (CTR)15, in which methane, ethane, ethylene and acetylene were injected to the
reaction chamber equimolarly at temperature ~800ºC and pressures of 1.0 Pa 15.

2.2.2. Vapor Deposition of Hydrocarbon Films using the ECR-MW-CVD Method

During the 1970s, there was an appetite to incorporate new electrical features to
the current sources used to vapor-deposit hydrocarbon thin-films at ≤ 800ºC. The new
features of the CVD energy sources helped to produce hydrocarbon films that exhibited
desirable crystallographic orientation and characteristics of diamond like carbon (DLC).
These energy sources relied on microwaves with and without ECR feature 16, direct current
(DC) plasma17, radio frequency (RF)18, a hot filament19, and lasers to decompose gases20
or ionize solid such as graphite inside the vapor deposition chamber by then15, 21 – 23.

The attractiveness of the ECR-MW-CVD method to deposit hydrocarbon films was
noticed in the 1980s9. The method could deposit films on top of any type of substrate at
low temperatures using moderate ion energies and electron density without the need of
thermal initiators or assistance of techniques such as CTR to vapor deposit desirable
types of films.

The deposition of hydrocarbon films at low substrate temperatures using the ECRMW-CVD method date from 1987— ten years later the ECR-MW-CVD have been for the

18

first time to synthesize oxide films4 – 6. Initially, diamond crystals of 1 µm-diameter and DLC
films grown on n-type silicon substrates were produced in less than 1hr at 550 and 850ºC,
1.3 x 103 Pa, and a CH4/H2 ratio of 0.005 using 3-µm thick diamond paste as precursory
substrate aid24. Hydrocarbon films of ~900 nm-thick were grown on p-type (1,0,0) silicon
substrates in 1hr at 1,000 W, 600-750ºC, and 13.3 Pa using carbon monoxide-to-hydrogen
ratio of 0.005 while operating the ECR-MW source between 10 and 60 V DC. Sometimes,
the substrates were nucleated via sonication for 30 min using a 35-µm diameter diamond
powder slurry solution and cleaned using organic solvents 25.

Films were also grown at temperatures between 425 and 1,050ºC in 1hr at
microwave powers between 950 and 2,000 W at 110 Pa, a CO/H2 ratio of 0.005, and a
O2/(CO + H2) ratio of 0.001 using experimental ECR-MW systems as were the AsTeX 8”26.
These films exhibited different surface structures: (1,1,1) multiple twined crystals at >
950ºC, (1,0,0) cubic crystals between 900 and 800ºC, and (1,1,1) octahedral crystals at <
600ºC. Films with different optical transmission (from yellowish color to totally transparent)
were grown in 20 min between 50 and 300ºC and between 0.1 and 5 Pa at powers < 200
W using ethanol as feedstock27.

Since the 1990s, CVD methods still catch the curiosity of many to manufacture
films using different gas mixtures as raw materials at substrate temperatures equal to or
less than 750ºC. Some of these pioneer combinations of gas mixture and substrate
temperatures were: ~0.08 CO in CO/H2 and CO/(O2+H2) with 0.01 O2 from 130 to 750ºC28;
0.6 C2H2/Ar at < 100ºC29, pure CH4 at < 50ºC30 and at 200ºC31; 0.02 CH4/(Ar+H2) in 24.09
Ar/(CH4+H2) mixture at temperatures between 100 and 200ºC32; 0.08 CH4/(Ar+H2+N2)
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with tantamount flow of CH4; N2 and H2 in 3.33 Ar/(CH4+H2-N2) at temperatures < 50ºC33;
and 6 Ar/CH4 at 50ºC34; 0.1 CH4/H2 at 50ºC35; and 2 CH4/Ar at 200ºC36.

Researchers also explored the effect that adding a voltage to bias the substrates
has on the mechanical and optical properties hydrocarbon films. Some researchers added
between +50 and -100 VDC through a two-tier screen grid fixture35, 37; others added
between 0 and -400 VDC directly using a power supply or a radiofrequency (RF) generator
of 13.6 MHz29 – 35, 38, 39.

Not surprisingly, researchers started claiming that adding voltage to the substrates
can have both: beneficial and detrimental effects simultaneously to the growth and
properties of hydrocarbon films because in the way that ions get onto substrates’ surfaces.
However, the former technique was considered as a non-bias method because the twotier screen grid fixture was electrically grounded. Meanwhile, the latter technique caused
that researchers get distressed because the observations made by researchers whose
tried a specific range of voltages and polarities gainsaid the observations made by other
researchers who tried different ranges of voltages and polarities for depositing films26 – 39.

These and other findings delayed the response of the research community to
transfer ECR-MW-CVD method to produce goods for the manufacturing sector, which
today’s is worth by the trillions of dollars12, 13, 40. After almost two decades researchers are
still not clear about how the method used produces hydrocarbon films with the properties
measure, which is one of the reasons why this study has been re-initiated. Another reason
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is to evaluate whether this method is a viable path to making smoother vapor-deposited
materials for laser fusion experiments.

2.2.3. Characterization of Vapor-Deposited Hydrocarbon Films

The uncertainties in the usage of the ECR-MW-CVD method have led many to
study the properties of hydrocarbon films because of the many materials that these films
can replace and the many technological advances that are still on hold. Researchers
studied the morphologies of hydrocarbon films using X-ray photography cameras41, scan
electron microscopes (SEMs) 42,

43

atomic force microscopes (AFMs),

, transmission electron microscopes (TEMs) 44
47, 48

– 46

,

and surface profilers49. They also studied the

electrical resistivity surface chemistry of hydrocarbon films using resistivity and impedance
meters27 and via X-ray photoelectron spectroscopy (XPS) 50, 51, Fourier transform infrared
spectroscopy (FTIR)52, and Raman spectroscopy (Raman)52. Researchers have studied
the optical and mechanical properties of hydrocarbon films using UV-vis transmission
spectroscopy (UV-vis)52, 53, and via the scanning the deflection of their surface curvature
via profilometry54, and ball-on-disc friction coefficient measurement55, and indentation56.

But what all these researchers missed was finding was a definitive connection
between the properties of hydrocarbon films and the plasma conditions of the ECR-MWCVD method. Researchers did not correlate multiple properties of hydrocarbon films such
as stress, roughness, and surface chemistry to specific conditions in an ECR-MW-CVD
method or show what type of hydrocarbon films the method can produce at specific
conditions1, 2, 4, 7, 8, 12, 16, 18, 19, 21, 25 – 34, 57.
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2.2.4. Exploring the ECR-MW-CVD Method for making Capsules for Laser Fusion
Experiments

Seeing the need of making spherical capsule with moderated strength for laser
fusion experiments, researchers in the fusion community decided to investigate the
potential of the ECR-MW-CVD method in 201458 – 62. The fusion community was curious
about if the ECR-MW-CVD method can vapor deposit films on polymeric shells63 – 65 using
low atomic number elements such as hydrocarbons57, 66, beryllium67, and boron carbide68,
69

at temperatures ≤ 200ºC58, 61, 70. Furthermore, the community understood that the ECR-

MW-CVD method might simplify the process of making capsules by depositing materials
that could be thermally or chemically removed in one-step process. Wherefore, the fusion
community believed that the ECR-MW-CVD method can upgrade the current glow
discharge polymerization (GDP) processes used for manufacture capsules made of
hydrocarbon films. They believed that the ECR-MW-CVD method could deposit
hydrocarbon films ≤ 0.1 µm-rough rms on top of a poly(α-methyl)styrene (PAMS) spherical
cast, which softens and depolymerizes between 240 and 280ºC, at deposition
temperatures ≤ 180ºC 70, 71.

Therefore, the fusion community decided to evaluate the scientific merits of the
ECR-MW-CVD method for vapor depositing hydrocarbon films58. They concluded that a
scientific analysis of the ECR-MW-CVD method’s parameter space should be clear to their
members before they can decide whether to further use it for making capsules58, 61, 63 – 65,
72 – 76

.
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2.3. Current Knowledge about Growth Models and Properties of Films made using Vapor
Deposition Methods

In the gas-substrate interphase, the evolution of a film’s roughness vs. its thickness
is described empirically by three growth models12, 77, 78. These growth models are: the
Volmer-Weber (VW), the Frank-van der Merwe (FM), and the Stranski-Krastanov (SK).

In the VW growth model, the vapor deposited species in the plasma tend to form
islands that expand to become contiguous films on the substrates. According to the VW
model, films exhibit a high degree of roughness because they are grown at kinetic
temperatures ≤ 200ºC, and generally, under low ion mobility conditions1, 6, 11 – 13, 79.

In the FM growth model, the vapor deposited species tend to form one contiguous
monolayer, to then, form a second monolayer on top of the first monolayer and so on. The
FM growth model predicts that a film only grows layer-by-layer because of the higher ion
mobility of the plasma species that form it, which occurs in kinetic temperatures > 200ºC.
In response to the high ion mobility environment in which films are formed, films grown
according to the FM growth model will be flatter than films growth according with the VW
growth model1, 6, 11 – 13, 77 – 79.

In the SK growth model, the species tend to form films that grow as islands mixed
with layers on top of the substrates. Films can grow according to the SK model at moderate
ion mobility conditions at kinetic temperatures between 30 and 800ºC. Due to that, films
grown as described by the SK model can show a variety of properties and morphologies,
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which can be tuned by changing the conditions at which films are deposited at ≤ 1,000ºC1,
6, 11 – 13, 77 – 79

.

Previous to the acceptance of these growth models, there was the belief that films
are only formed by the collision of the species inside the plasma. One specific example is
the mechanistic model for films grown at < 300ºC and between 1.3 x 10-2 to 1.3 Pa in the
ECR-MW-CVD method proposed by A. von Keudell and W. Möller in 1994 7. That
mechanistic model presumes that CH4 and H2 are colliding in both: the gas phase and the
gas-substrate interphase, and that in the gas phase electrons present in the gas species
get excited by the ECR-MW source and collide with CH 4 and H2 molecules. The model
shows that species are ionized and cleaved inducing the plasma in which the ion species
are accelerated through the plasma sheath, and strike on, stick to, recoil on and/or bounce
off the surface of the substrates. On top of that, that model assumes that in the gassubstrate interphase the ions will attach and cleave other species, which grow on the
substrates, creating a competition between growth and etching processes; and, that any
chemical specie can participate in the formation of the films whenever it absorption
residence time be ≤ 10‑12 s9.

Nonetheless, the truth is that an ECR-MW plasma can facilitate the energy transfer
between electrons and other species inside an ECR-MW-CVD system at moderated ion
energies and electron density conditions because of its non-collisional nature. Is the noncollisional nature of an ECR-MW plasma what allows interactions of the species inside the
plasma —which are dictated by the plasma conditions. In addition to that, because of
Larmor radius – or Gyroradius 2, 3 of the electrons spinning inside the ECR-MW plasma—
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which is the radius at which electrons spin before interacting with other species inside that
plasma, the mean free path — or average distance — that a specie travels inside that
plasma before it encounters with another specie, and the static magnetic field of the ECRMW source—which is key to confine electrons and ions in an ECR-MW plasma
moderately1 – 3, 9, 16.

Furthermore, another truth is that plasma ignited by an ECR-MW source, which
not necessarily ignites the plasma using the ECR mode. An ECR-MW source can ignite
the plasma employing Whistler waves or in Whistler wave mode at very low pressures,
when the ECR-MW source launch waves which are minimally impeded by the species
inside plasma. Whistle waves are stronger ionizing plasma species and end producing
brighter plasmas under than those produced under dominance or non-Whistler wave
mode—or in an ECR mode. But the of Whistler waves not necessarily results in the
deposition of a film because these waves can etch, decompose, or evaporate species
from the substrates at electron confinements of 1012 e-/cm3 using the same magnetic field
that ECR waves do2 – 5, 8, 9, 16, 19, 25, 34.

All that taken in consideration, one should notice that the molecular species inside
an ECR-MW-CVD system can be ionized and oriented towards the substrates without
being totally cleaved in a non-collision environment1, 2, 9, 16. This can happen when the
ECR-MW source of the process is operated in the Whistler wave mode because the
divergent magnetic field do not exert its maximum force over the species. But this could
also happen when the process is operated in the ECR mode because the species can be
driven by the stronger divergent magnetic field in the ECR-MW source. The formation of
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the film and its properties are controlled by the type of species that get absorbed into their
mandrel regardless the mode in which the ECR-MW source be operated. Therefore, the
properties of the films can be controlled by controlling the plasma chemistry within the
chamber with the purpose to control the type of specie participating in the gas-substrate
interphase.

Thereupon, the VW, FM, and SK empirical growth models still helps researchers
to study films grown in any thin film deposition process; motherless, films grown via vapor
deposition should no longer be considered to being growing inside a collisional
environment. Primarily, because observation from these models have contradicted
simulations and predictions derived from the collisional theory1 – 6, 8, 9, 11 – 13, 16, 18, 19, 24 – 30, 32
– 39, 77 – 79

.

Again, researchers must depict ambipolar-state’s character of the method in which
hydrocarbon films are grown. Primarily, because the whole point behind the depiction of
the ambipolar-state’s character of the ECR-MW-CVD method is assure empiricism,
accuracy, and precision of the science of the ECR-MW-CVD method before start using for
making capsules for laser fusion experiments.

2.4. Current Knowledge about the ECR-MW Source and the ECR-MW Plasma
Environment

The ECR-MW-CVD method deposits films using the ECR-MW effect2, 3. The
electron cyclotron resonance microwave source excites both: the electrons belonging to
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species at a frequency of 2.45 GHz and the free electrons within the plasma. The latter,
revolving in a helicoid around the magnetic field lines because the frequency of the
electromagnetic field produces a cyclonic rotation at a magnetic field strength of 875
Gauss3, 4, 8, 9, 16. This behavior generates a cone-shape plasma that concentrates bulk of
atomic species as shown in Figure 2.4-19. Figure 2.4-1 also shows that after the plasma
is formed, the drift velocity of the electrons is directed towards the substrates. As a result,
any surface exposed to the plasma becomes coated with the byproducts of the plasma
reactions though the properties of the materials deposited on the walls of the vacuum
chamber differ from the properties of the materials deposited on the substrate.

Figure 2.4-1. Deposition of species inside an ECR-MW-CVD system.

Figure 2.4-1 also shows that electrons inside an ECR-MW plasma environment
have a greater chance to be oriented towards the surface of any solid in contact with it.
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That is due to an ECR-MW plasma consists of atomic species in their gaseous state, which
have lower electrical conductivity than any solid contacting them80. Electrons will always
want to move through the least path of resistance, and the ratio of conductivity of a solid
to the conductivity of any type of plasma used to vapor deposit films at low pressures can
range from two to ten orders of magnitude80 – 85. Thus, electrons would prefer to move
through a solid rather than stay in the plasma—a reason why the electrical ground of the
chamber needs to be solidly connected to the building.

The ECR-MW source also enhances the confinement of the electrons by moving
them helically around magnetic field lines2, 3, 9, 13, 79. While in confinement, electrons gain
energy while spinning around the magnetic field generated by the source and transfer that
energy to neighboring gas molecules at electron densities going from 1010 to 1012 e-/cm3.
The relative higher mobility of electrons inside the ECR-MW plasma makes them develop
very high speeds and kinetic energy in the time between colliding against other specie;
and thus, higher electron energy, electron density, and greater extent of molecular
ionization4, 13, 16, 79.

The ECR-MW source makes electrons to move faster without disintegrate them,
which makes other species in the plasma to ionize at substrate temperatures lower 200ºC
1, 2, 9, 13, 16

. One should note that electrons are too small when contrasted to other species

in the plasma and incapable of providing significant heat to any surface in which the
plasma is in contact with, but capable to ionize these species as they migrate from one
specie to another. That happens because as any other specie inside the plasma, electrons
get hotter and assume a kinetic temperature while they are in movement. But electrons
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could disintegrate, or loose they particle properties, if they move so fast that their kinetic
temperature reaches a value between 1,000 and 10,000ºC; ions could disintegrate at
kinetic temperatures between 300 and 1,000ºC; neutrally charged species can
disintegrate at temperatures equal or less than 300ºC 6, 16, 80.

2.5. Other Aspects to Consider when Using an ECR-MW-CVD Source for VaporDepositing Hydrocarbon Films

An ECR-MW-CVD experiment only needs ECR-MW plasma source, a vacuum
chamber, and the substrates1, 2. The ECR-MW source ionizes the gas molecules into
constituent radicals and other atomic species that react to form films. The vacuum
chamber confines all the species and maintains a desired pressure and mass flow of
material through the system. The substrates are surfaces placed inside the chamber
where the films deposit and can be of any type of material as well as have any geometrical
shape.

The ECR-MW source used in this study is a klystron-type source that can impose
between 15 and 30 eV to the atomic species inside the CVD chamber2, 9. It creates a
plasma by making an electron beam interact with microwaves through a magnetic field
induced by a mono-polar magnet, which generates right-hand circular polarized waves.
The power supply controls the magnitude of the electron beam injected through a monopolar magnet and the frequency generator controls the amplitude and speed of waves
entering the chamber through a vacuum tube – radio-frequency – device.
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The ECR-MW source used in this study can impart more or less energy and
confinement to the plasma species discretely. It is well known that the ionization potential
of the simplest hydrocarbon, methane, and its byproducts ranges between 4 and 6 eV, as
is shown in Figure 2.5-1. However, the ionization potential of gases such as argon and
hydrogen ranges between 14 and 16 eV, also shown on Figure 2.5-1. Due to that, the
source can ionize many types of hydrocarbons although those derived from methane are
more easily to ionize2, 3, 9, 10 – 13.

Figure 2.5-1. Species generated inside an ECR-MW-CVD system using methane13, 16, 79,
86

. The term ‘1st ionization energy’ refers to the energy needed to start ionizing a specie.

In contrast to plasma sources employed by other vapor deposition systems, the
source of an ECR-MW-CVD system is more energetic and provides greater energy
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transfer between electrons and other species, which creates different type of ions, at
different electron densities that facilitate different chemistries as no classical plasma CVD
systems can. Mainly, because an ECR-MW source operates at the electron’s resonance
frequency, 2.45 GHz, that imparts moderate ion energies to the species in the plasma due
to the ECR effect2, 3, 9, 10 – 13.

Such differences are noted Table 2.5-1, which shows the energy, density, and
kinetic temperature in plasmas generated via ECR-MW-CVD, helical discharge resonation
(HDR), and plasma assisted (PA) CVD methods2, 9, 16, 79. The kinetic temperature is not
the substrate temperature; it is the effective temperature provided to the plasma species
by the plasma source in question, and it is related to the ionization potential2, 6, 13, 16, 79.
Note that the ionization potential, or potential, of the three sources in Table 2.5-1 is
substantially different: the potential of a PA-CVD system’s source ranges between 10 and
1,000 eV, 1 to 100 times that of the HDR’s source, and significant higher than the potential
of an ECR-MW source9,

16

. That is understandable knowing that HDR and PA-CVD

sources operate at frequencies between 10 and 13.56 MHz, or using low impedance DC
voltage devices as it is the case for the HDR source13, 79. Hence, the ECR-MW source
makes the ECR-MW-CVD method technically advantageous over the other two methods
because it can ionize species in the plasma combining electric and magnetic fields rather
than using direct or alternate currents, or low radio-frequencies2, 16, 79.
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Table 2.5-1. Electron densities, ionization energies, and mean kinetic temperatures
inside HDR (helical discharge resonation), ECR-MW-CVD (electron cyclotron resonance
– microwave – chemical vapor deposition), and PA-CVD (plasma assisted chemical
vapor deposition) systems2, 9, 13, 16, 79, 80 – 82, 87.
Density (e– cm–3)

Energy (eV)

Kinetic
Temperature (ºC)

HDR

≥ 1012

< 10

< 200

ECR-MW-CVD

1010 – 1012

15 – 30

25 – 850

PA-CVD

109 – 1013

10 – 1,000

700 – 1,000

2.6. The Principles Governing the Science of an ECR-MW-CVD Method

In normal plasma conditions, electrons move due to drift and diffusion currents.
According to Ohm’s Law88, the drift current is due to the imposition of the electric field to
the electrons. What is more, the diffusion current causes the natural movement of
electrons from a region where they have a higher concentration to a region where they
have a lower concentration 16. However, inside a plasma generated by an ECR-MW source
the electrons’ movement is in helical-shape, dictated by the coupling between the electric
field, €, and the magnetic field, Β, and described by two laws. One is the Newton’s 2nd
Law89 formulated in Equation 2.6-1; the other is the Lorentz Law90 formulated in Equation
2.6-2.

𝐹𝑒 = 𝑚𝑒

𝑑𝑣𝑒
𝑑𝑡

[Eq. 2.6-1]

Newton’s 2nd Law explains that the force responsible for an electron path, F e, is the
product of electron’s mass, me, times the electron’s velocity rate of change dve/dt; where,
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me is 9.109 x 10–31 kg. Lorentz’s Law defines the force for the electron path, Fe, as the dot
product between the electron’s charge, Q, and the sum of the electric field, E||, and the
cross product of electron’s velocity, ve, and magnetic field, Bx.

𝐹𝑒 = 𝑄(𝐸𝑒 + 𝑣𝑒 𝑥 𝐵)

[Eq. 2.6-2]

The combination of the Newton’s 2 nd Law and the Lorentz Law results in Equation
2.6-3, which describe the relationship between the electron’s path, the electron’s velocity,
and the electric and magnetic fields via the constant-coefficient Q/me. Where Q/me equals
to 1.758 x 1011 C/kg 16. Equation 2.6-3 also states that the movement of electrons inside
the plasma generated by an ECR-MW source will always be parallel to the electric field
and perpendicular to the magnetic field generated of such source.

𝑑𝑣𝑒
𝑑𝑡

𝑄

= 𝑚 (𝐸|| + 𝑣𝑒 𝑥 𝐵 𝑋 )
𝑒

[Eq. 2.6-3]

The electron’s path inside an electric field is the result of the influence of the
electron’s kinetic energy, Eek, and the electron’s potential energy, Eep. Classical mechanics
defines the electron’s kinetic energy as Eek = ½ meve2, and it defines the electron’s potential
energy as Eep = QV. Where V is the ionization potential of the ECR-MW source measured
in eV. Certainly, one can equate the mathematical expressions that define the electron’s
kinetic and potential energies to derive a mathematical expression for the electron’s speed
inside the ECR-MW source’s electric field. As a result, that expression should be Equation
2.6-4, and it shows that the electron’s speed inside an ECR-MW source would only
depends on the source’s ionization potential.
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𝑄

1/2

𝑣𝑒 = (𝑚 2 𝑉)
𝑒

[Eq. 2.6-4]

Likewise, classical mechanics describes the electron’s path inside a magnetic field
as the balance between the force the electron feels by the magnetic field and the electron’s
gyration force. Lorentz Law describes the former force as Q v e x Β | . The latter force is
formulated as meve2/re. Where re is known as the gyration or cyclotron radius — the radius
at which an electron makes a perfect cycle under the influence of a magnetic field 3, 16.

Conjointly, Equation 2.6-5 is the mathematical expression for the gyration radius.
It shows that the gyration radius of electrons inside a plasma generated by an ECR-MW
source depends on the electron’s velocity as well as the source’s magnetic field.

𝑟𝑒 =

𝑚𝑒 𝑣𝑒
𝑄 𝐵𝑋

[Eq. 2.6-5]

Where the electron’s gyration radius is directly related to the electron’s speed but
conversely related to the source’s magnetic field, BΧ. The electron’s gyration radius would
be as large as the electron’s velocity allows the electron to gyrate, but small if a huge
magnetic field is imposed on the electrons. Combining Equations 2.6-4 and 2.6-5 results
in the Equation 2.6-6, which is a characteristic equation for designing an ECR-MW source.

𝑟𝑒 [𝑚𝑚] = 34 𝑉 1/2 [𝑉𝑜𝑙𝑡𝑠]/𝐵𝑋 [𝐺𝑎𝑢𝑠𝑠]

[Eq. 2.6-6]

Note that Equation 2.6-6 shows that the electron’s gyration radius for a plasma
generated using an ECR-MW source, which uses a 875 Gauss electromagnet around the
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vacuum chamber, will range between 0.15 and 0.22 mm. That range parallels with the
source’s ionization potential, which ranges between 15 and 30 eV.

Equation 2.6-7 defines the gyration radius of an electron exposed to a magnetic
field, where 𝑓ce is the ECR-MW source’s oscillation frequency2, 9, 13, 81, 82, 87.

𝐵

𝑄

𝑓𝑐𝑒 = 2𝜋𝑋 𝑉𝑚

𝑒

[Eq. 2.6-7]

Equation 2.6-8 is the equation used to determine the electron’s gyration frequency
in Hz. It is obtained from Equation 2.4-7 and assumes that the frequency is uniquely
dependent on the source’s magnetic field. For example, an ECR-MW source with a
magnetic strength of 875 Gauss provides enough energy to the species inside the ECRMW plasma to make electrons gyrate at approximately 2.45 GHz 3, 9, 16. The frequency
calculated using Equation 2.6-8 is named the ECR-MW frequency, and it is the frequency
at which electrons move when electromagnetic waves in the microwave band impose
energy over them.

𝑓𝑐𝑒 [𝐻𝑧] = 2.8 𝑥 106 𝐵𝑋 [𝐺𝑎𝑢𝑠𝑠]

[Eq. 2.6-8]

Strictly speaking, the assumptions made to formulate Equations 2.6-1 – 2.6-8 are
relevant for ECR-MW-CVD systems that operate from 0.1 to 10 Pa2, 3, 6, 16 because in that
pressure range electrons have a higher probability of spinning in perfect cycles
uninterruptedly16. Moreover, because at pressures ranging between 0.1 and 10 Pa the
species inside the plasma behave like ideal gases6. Nonetheless, Equations 2.6-1 – 2.6-
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7 can be used to design any type of ECR-MW plasma source and other types of ion
sources that use electric or magnetic fields.

2.7. Understanding the Concept ‘Ambipolar-State’ and the Ambipolar-State’s Character of
an ECR-MW-CVD Method

2.7.1. Landing on the Concept ‘Ambipolar-State’

There are similarities between the plasma environments used to vapor deposit
films. The mean free path or average distance traveled by their species between
successive impacts in a plasma environment is between 0.1 mm and 1 km6, 81, 91, 92. Their
Debye lengths, or the distance for the manifestation of net electrostatic effect between the
species inside the plasma, is between 10-13 to 10-9 m

2, 6, 85, 92, 93

. Their plasma sheaths,

should be substantially thicker than their Debye lengths, and should be formed by the
concentration of positive ions that counterbalance the negative charges of the substrate’s
surfaces neighboring them2, 85, 92, 94.

But these plasma environments also have their differences. Regardless of whether
their Debye sheaths should be thicker than their Debye lengths, the thickness of these
sheaths are unknown but depend on of intrinsic characteristics of each plasma2, 85, 92 – 94.
The ion sources used by each vapor deposition method have different frequencies, and
provide different ion energies and electron densities, causing each plasma environment
to have a different conductivity, as shown in Table 2.7.1-1. The conductivities in Table
2.7.1-12, 79, 81, 85, 87 are named scalar conductivities for magnetized non-thermal plasmas
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and are calculated as defined by Equation 2.7.1-1. Where, ne is the electron density of the
plasma in m–3, e is the atomic or elementary change unit or 1.602 x 10–19 C, me is the
electron’s mass or 9.109 x 10–31 kg, and fce is the collision frequency in s–1.

𝜎𝑠 =

𝑛𝑒 𝑒 2

[Eq. 2.7.1-1]

𝑚𝑒 𝑓𝑐𝑒

Table 2.7.1-1. Electron densities, ionization frequencies, and conductivities inside HDR
(helical discharge resonation), ECR-MW-CVD (electron cyclotron resonance –
microwave – chemical vapor deposition), and PA-CVD (plasma assisted chemical vapor
deposition) environments2, 9, 13, 16, 79, 81, 85, 87, 92 – 94.
Density (e– cm–3)

Frequency (Hz)

Conductivity (S/m)

HDR

≥ 1012

≤ 13.56 x 106

10-3 – 103

ECR-MW-CVD

1010 – 1012

2.45 x 109

10-1 – 101

PA-CVD

109 – 1013

13.56 x 106

100 – 104

The difference in the plasma environment of each CVD method causes each
plasma to have a characteristic ambipolar-state, which dictates how species interact at
the gas-substrate interphase in a CVD system. What is know about the ambipolar-state of
the ECR-MW-CVD method is that the Debye sheath remains undepicted for any plasma
as shown in Figure 2.7.1-1. Figure 2.7.1-1 also shows that the ambipolar-state of the gassubstrate interphase depends of the events happening in the plasma’s Debye sheath and
on the type of substrates’ surface, and that it is the unclear behavior of the Debye sheath
that makes it difficult to model the behavior of an ambipolar-state’s of the ECR-MW-CVD
method or any other CVD method.
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Figure 2.7.1-1. Illustration of the ambipolar-state of the ECR-MW-CVD method at the
gas-substrate interphase in two dimensions. The circles demarcate the more and less
electrophilic species. Where the term ‘more electrophilic’ distinguish species such as
electrons or partially negative ions from the species demarcated with the term ‘less
electrophilic’ such as neutrally charged particles or positive charged ions. The curved
lines demarcate the end the Debye sheath; and the measuring line demarcates the
Debye lengths between species.

2.7.2. Defining the Concept Ambipolar-State

The concept ‘ambipolar-state’ is not related to the concept ‘double layer’85, 95 – 97
because the concept ‘double layer’ refers to the interphase formed when two plasmas
environments with different characteristics interact. However, defining the ambipolar-state
for plasma environments in which double layers are formed might help to understand the
how double layers work in those types of plasma environments.
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The concept ‘ambipolar-state’ is more related to the concept ‘ambipolar diffusion’,
a phenomenon that occurs between species of opposite charges due to their interaction
with the plasma’s electric field85, 95 – 97. The ambipolar-state is not ambipolar diffusion but
acts upon the ambipolar diffusion of the species in a plasma. But it covers if and how the
species in a plasma will diffuse to form or degrade a film in a vapor deposition method.
Thereupon, depicting the ambipolar-state of any plasma environment is understanding
what conditions in the plasma’s gas-substrate interphase occur. Moreover, is to
understand if a film is completely formed by the ambipolar diffusion of the species rather
than by the collision of the species inside a plasma at such conditions in a specific CVD
method.

The concept ‘ambipolar-state’ also relates to the concept ‘redox’ or ‘reductionoxidation’ of the species85, 98 – 104. In a CVD method, the plasma changes the oxidationstate of the atoms belonging to plasma, or to the substrates, by the movement of electrons.
Nonetheless, the concept ‘ambipolar-state’ can be expanded to explain what happens at
the gas-substrate interphase in physical vapor deposition methods, in which the species
inside the plasma can form a film — no only via redox — but by collisions inside a thermal
plasma.

But what is more important is that the concept ‘ambipolar-state’ relies on a wellknown concept: ‘electrical conductivity’ — or simply ‘conductivity’ 80, 83 – 85. The conductivity
of an object or substance might change with temperature. In a similar way, the ambipolarstate’s character is different for each plasma environment and depends on the type of gassubstrates interphase, which can be affected by the temperature as well as the conditions
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of the plasma or type of substrate. Nonetheless, the concept ‘ambipolar-state’ is not equal
to the concept ‘conductivity’ because it deals with the movement of ions, electrons, and
neutral species that get split in ions and electrons instead of merely be focus on the
movement of electron in the gas-substrate interphase80, 83 – 85, 105.

The concept ‘ambipolar-state’ of the gas-substrate interphase illustrated in Figure
2.7.1-1 becomes important when referring to the circumstances that occur when the
species with opposite tendency or character interact to create the gas-substrate
interphase. This is simpler to understand knowing that the word ambipolar is derived from
two words: the word ‘ambi’, which means both, and the word ‘polar’, which means opposite
in character or tendency. Also, understanding that the word ‘state’ is used when referring
to the temporal attributes or condition of the subject of study, which is the gas-substrate
interphase created in the plasma of an ECR-MW-CVD method100 – 102.

2.7.3. The Intrinsic Nature of the Ambipolar-State’s Character of an ECR-MW-CVD
Method and Its Influence in the Properties of Hydrocarbon Films

Understanding the intrinsic nature of ambipolar-state’s character of the ECR-MWCVD method starts by recalling that the conductivity of an ECR-MW-CVD plasma, shown
in Table 2.7.1-1, is lower than the overall conductivity of the solid phase in which films are
deposited, which usually ranges between 102 and 106 S/m80, 83. That is truth knowing that
the CVD chamber is normally of made of metal alloys such as carbon steel. One might
argue that the conductivity of some substrates such as silicon wafers can have an order
of magnitude of 10-4 S/m83. That argument is correct as it is correct to notice that the
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conductivity of that type of substrates will be largely influenced by the conductivity of the
CVD chamber that surrounds it.

On top of that, the ambipolar-state’s character of the ECR-MW-CVD method is
susceptible because it can be influenced by the deposition conditions of an ECR-MWCVD system. In other words, an ECR-MW-CVD system affects its ambipolar-state’s
character at the gas-substrate interphase, which will dictate how and why films grow as
they do inside an ECR-MW-CVD system.

Furthermore, the ambipolar-state’s character of the ECR-MW-CVD method is
transient, susceptible, discriminant, and discrete6, 78, 80, 84. The ambipolar-state of the ECRMW-CVD method is transient because the conductivity of the substrates will change as
more hydrocarbon film matter is deposited over them. The ambipolar-state will be
susceptible to any change in the plasma conditions because of the low conductivity,
moderate ion energy and electron density, and low temperature deposition environment
provided by the ECR-MW source. The ambipolar-state could be discriminant and discrete
because hydrocarbon films might be deposited in a non-viscous nor molecular flow
regime, because the ECR-MW source uses microwaves to ignite the plasma, or because
the hydrocarbon used to make the films is easily ionizable by the ECR-MW source.

Moreover, the ambipolar-state’s character of the ECR-MW-CVD method favors the
deposition of hydrocarbon films with microstructure consisting of islands embedded in
layers — parallel with the SK growth model78, 106 — as shown in Figure 5.7.3-1. At the
initial stage of a film deposition, the ambipolar-state is steady, and its character is
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compromised to the properties of the substrates and the initial plasma conditions above
interphase. After some time, the ECR-MW plasma source starts forming species which
begin to deposit on the substrates. As the ionized species deposit on the substrates the
substrates’ properties change; so, the substrate’s conductivity and carrier mobility change
too. Nonetheless, the conductive nature of the substrate favors that those films grow layerby-layer as shown in Figure 2.7.3-1 a) and b). As it is expected to happen in any transient
process, the films keep growing in layer-by-layer until certain critical point in which less
electrophilic species held in the Debye sheath of the gas-substrate interphase start joining
the matrix of the apparent substrate by means of electrostatic interactions or via gravity85,
95

. That causes the formation of islands on top of the layers, as is shown in Figure 2.7.3-1

c). However, layers keep forming and covering the islands as well as islands keep forming
on top of layers up to the point in which islands and layers interbreed each one with the
other as shown in Figure 2.7.3-1 d).

Thereupon, the effects that the ambipolar-state has on how films grow in an ECRMW-CVD method are seen to be evident because films are grown at substrate
temperatures that are well below a 1/3 of the melting temperature of the material deposited
to make the film6, 11, 12, 78, 80, 84. That is understandable considering that in an ECR-MWCVD method, the Debye sheath consists of a higher density of positive ions and that it can
be several order of magnitude thicker than the Debye length. Also, that the magnitude of
the potential drop across the sheath depends upon the conductivity of the substrate which
could be biased electrically positively or negatively. What is more, that the flow of electrons
through the Debye sheath can influence the density and velocity of the electrons, the
collisional cross-section of the electrons with the species at the interphase, and the
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composition and density of the gas. On top of that, that the overlap of the plasma sheath
and the interphase affects the chemistry occurring in the interphase that leads to nascent
film to grow, be ablated, or be etched simultaneously.

Figure 2.7.3-1. Depiction of a film growing inside an ECR-MW system. a) and b) show a
film growing as layer-over-layer due to the interaction between more electrophilic
species in the interphase and the substrate’s surface; c) and d) show islands forming on
top of the crescent layers of a film due to the relative interaction between more and less
electrophilic species12, 78.

One should also remember that electrons present in an ECR-MW plasma of an
ECR-MW-CVD system drift and diffuse in the entire CVD chamber. That the presence of
the magnet creates a divergent magnetic field that channels the plasma — and hence
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electrons and ions — towards the substrate. And the more electrophilic species are more
effectively guided to that surface and have greater chance to attach to the substrates1, 3, 6,
16, 80

. As the film-deposition process progresses, more electrophilic species accumulate on

the substrate, forming a film layer-by-layer. As electrons are substantially smaller particles
than the other species in the plasma, they can move significantly faster through the plasma
sheath, creating a higher density of ion and a potential difference with the substrate that
will accelerate dragging positively charged species in that volume towards the substrates.

What is more, that it is the electron’s behavior in the ECR-MW-CVD method that
makes species have relatively lower cohesive force between them — resulting in the
formation of one layer on top of another initially1, 2, 78, 80, 95, 107 and the formation of islands
on top of layers as the film thickens. Notice that the ambipolar-state of the gas-substrate
interphase of an ECR-MW-CVD is transient and limited by the low conductivity of the ECRMW plasma environment. As the films grow, the less electrophilic species deposit on the
already-formed layers of the growing film and form islands on it11, 12, 78. Note that this
subsequent cohort of less electrophilic species was previously held on the side of the
interphase that faces the plasma. Eventually, these less electrophilic species would
deposit on the forming film layers via electrostatics or gravity to preserve the interphase’s
chemical balance78, 85, 95. The relative electrophilic behavior of each specie will contribute
to the formation of the film. Gravity will cause the heavier atomic species — typically larger
molecules, clusters, or molecules resulting from gas-phase chemistry with a large enough
mass for gravity to influence — in the interphase end falling on the layers. Unavoidably,
the cohort of less electrophilic species held on the plasma interacts with the cohort of more
electrophilic species already present in the layers. Thereafter, the former cohort of species
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tend to curl and form islands which grow as the end part matrix of the film due to interfacial
interactions between the cohort that is less electrophilic and the cohort that is more
electrophilic1, 6, 85, 95, 107. Wherefore such interactions, the cohesive forces present in the
nascent matrix of the film increase, provoking the film ends to soften as it gets thicker.

2.8. The Forced Nature of the Ambipolar-State’s Character of the ECR-MW-CVD Method

When a film is deposited in an ECR-MW-CVD system, anything that affects the
conduction of electrons at the system’s gas-substrate interphase will affect the ECR-MWCVD system’s ambipolar-state. In short, the character of the ambipolar-state’s character
of the ECR-MW-CVD method can be forced because it is susceptible to anything
happening inside the ECR-MW plasma environment.

The following two sections explain how the ambipolar-state’s character of the ECRMW-CVD method can be coarsened by adjusting the parameters of an ECR-MW source
or adding heat to the substrates using an external heat source2, 79, 80, 84, 85. The parameters
of the ECR-MW source adjusted in this study are the power and the resistance of the
ECR-MW plasma. Operating the ECR-MW source at higher power provides more heat to
the plasma and operating the ECR-MW source at a higher resistance flows more electrons
through the mono-polar magnet of the source and through the plasma 2, 3, 80. However,
both: the power and the resistance of an ECR-MW source, have an exclusive effect in the
ambipolar-state’s character of the ECR-MW-CVD method as well as in a film’s properties
and microstructure because of the way in which these alter how electrons are more
confined in, or drifted away from, the ECR-MW plasma. Similarly, adding external heat to
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the substrates by electrical or thermal means alters the film’s properties and
microstructure because it alters the way in which the plasma’s species move through the
ambipolar-state’s character of the ECR-MW-CVD method — coarsening the way in which
those species move through the substrates.

2.8.1. Effect of Power and Resistance of an ECR-MW Source on the Ambipolar-State’s
Character of the ECR-MW-CVD Method and Its Influence in the Properties of
Hydrocarbon Films

The higher the power or lower is the resistance of the ECR-MW plasma source,
the more likely it is that the ambipolar-state’s character of the ECR-MW-CVD method will
allow the movement of more electrons to the side of the interphase that faces the film or
towards the substrates. Technically speaking, the ambipolar-state’s character of the ECRMW-CVD method permits electrons to move chaotically faster in the nascent surface of
the films and empowers the abrupt formation of islands in the films’ matrixes due to the
chaotic environment caused by the fast movement of electrons at the interphase. That
results in the presence of islands, which are made of the less electrophilic species in the
plasma because the coarsened character of the ambipolar-state of the ECR-MW-CVD
method drift to many electrons to the gas-substrate interphase.

It is essential to consider that operating the ECR-MW source at high powers or low
resistances allows the species inside the ECR-MW plasma to release electrons at a
relatively faster rate2,

9, 16

. Inside the ECR-MW plasma, the species decompose as

illustrated in Figure 2.8.1-1 in which the plasma is made of pure methane molecules16, 79,
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80, 85, 86

. Simultaneously, electrons are constantly stripped from the species in the gas and

are more likely to move toward the substrates, which include the nascent films to a limited
extent due to the electrical complexity created by the species decomposing in the gas side
of the interphase. That results in electrons moving freely within the electrical constraints
of the ambipolar-state’s boundaries at the gas-substrate interphase reducing the species
in the interphase and bombarding the substrate’s surface with positively charged ions
evaporating the film partially as it grows.

Consequently, a film deposited operating the ECR-MW source at high powers or
low resistances will be lighter because these conditions will provide insufficient ion
bombardment to the substrate resulting in less dense films that will exhibit a smooth high
contrasted pediplain microstructure and vice versa2, 3, 6, 9, 78. But not surprisingly, films
deposited at high powers should still be smoother and softer, regardless if they will be less
dense, than films deposited at lower powers.

Nevertheless, the effect of the source’s power or its resistance on the ambipolarstate’s character of the ECR-MW-CVD method or the film’s properties are also coarsened
transiently or via the molality of the limiting reactant/s that form the plasma 6,

78, 85, 95

.

Therefore, films deposited at different powers should display different colors due to the
discriminatory and susceptible character of the ambipolar-state of the ECR-MW-CVD
method when it comes to the deposition of films11, 12, 95, 107.
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Figure 2.8.1-1. Decomposition of two molecules of methane exposed to high power or
low resistance (∆)16, 79, 80, 85, 86. I, two molecules of methane decomposing to form hydron
and ethene; II, ethene decomposing to form hydron and ethyne; III, ethyne decomposing
to form hydron and a carbon-carbon -yne specie.
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2.8.2. The Effects that Thermal or Electrical Heating of the Substrates has on the
Ambipolar-State’s Character of the ECR-MW-CVD Method and Its Influence in the
Properties of Hydrocarbon Films

Thermal heat induces the random movement of electrons, ions, and neutral
species in the interphase and disrupts the ambipolar-state’s character of the ECR-MWCVD method at the gas-substrate interphase. Thermal heat also results in a higher chance
of species evaporating from instead depositing in the nascent surface of the films, and
thereupon, impedes the coordinated movement of the species in the interphase.

In contrast, electrical heat induces a steady flow of electrons in the substrates and
in the side of the interphase that faces the film, and affects how species align to form the
films and thus the films’ surface-chemistry and optical properties. When a substrate is
electrically heated, the higher temperature in the boundary layer above the substrate
affects the speed at which electrons flow through the interphase, alternating the selective
character and ordered addition of the species to the film’s matrix1, 6, 78, 80, 84, 85, 95, 108.

The consequence of heat the substrates by thermal means cause that films end
with islands, holes, and other types of discontinuities in their matrices. Thermally heated
species move randomly at the interphase and gain kinetic temperature inside the ECRMW plasma6,

9, 13, 79, 80, 85

. Likewise, thermally heat electrons move chaotically faster

through the gas-substrate interphase than other species move while colliding with them.
Thermally heated species other than electrons are reduced and vaporized from the film
randomly, inducing the formation of a discontinuous film with holes.
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Unlike when thermal heat is provided to the substrates, electrically heated
substrates would not have a definite effect on the toughness or density of hydrocarbon
films1, 6, 78. Nonetheless, that will affect the film’s microstructure, surface chemistry, and
optics80, 85, 95, 108.

2.9. Probing that the Ambipolar-State’s Character of the ECR-MW-CVD Method can be
Depicted

The next two chapters prove to the reader that the character of the ambipolar-state
of the ECR-MW-CVD method can be depicted as described in previous sections. Chapter
3 shows how an ECR-MW-CVD system was assembled and characterized to make the
depiction of the ambipolar-state’s character of the ECR-MW-CVD method feasible.
Chapter 3 also offers explanations of how hydrocarbon films were characterized to sustain
the findings of the natural and forced character of the ambipolar-state of the ECR-MWCVD method from the perspective of the properties of the films, which observation is
provided in Chapter 4.
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Chapter 3
The Details of the Experimentation behind the Depiction of the Ambipolar-State’s
Character of the ECR-MW-CVD Method

3.1. Overview of the Third Chapter

Chapter 3 starts detailing how an electron cyclotron resonance – microwave –
chemical vapor deposition (ECR-MW-CVD) system was commissioned to vapor deposit
hydrocarbon films. The chapter also explains how the characteristics of that system define
the ambipolar-state’s character of the ECR-MW-CVD method and shows how films were
characterized.
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PART I – Commissioning and Characterizing the ECR-MW-CVD System

3.2. Commissioning the ECR-MW-CVD System

3.2.1. Details about the Assembly of the ECR-MW-CVD System

The system’s assembly, shown in Figure 3.2.1-1, consists of multiple units and
apparatuses used to move the gases towards, inside, and outside it and energize the
gases. The system’s substrates heater and direct voltage discharge apparatus were used
in optionally. Other units and apparatuses were needed to warranty the safe operation of
the system.

Figure 3.2.1-1. One-line diagram of the ECR-MW-CVD system’s assembly. Dashed
lines indicate material flow. Objects are identified using solid lines.
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3.2.2. Handling and Flowing the Gases inside the ECR-MW-CVD System

Hydrogen and methane 99.9% pure were flowed inside a 4.4 liters chamber
continuously through a perforated ring using mass flow controllers that have a flow range
between 0 – 100 standard cubic centimeters per minute, or sccm1, 2 coupled to a mass
flow control box2 – 4. These gases were flow out of the chamber using either: a rotary-vane
pump that can reach a base pressure of 6.7 x10 –3 Pa5 or a turbo molecular pump that can
reach a base pressure of 1.3 x 10-3 Pa6 were flow and contained using hardware made of
industrial-grade stainless steel.

The gas pressure inside the chamber — or deposition pressure — was adjusted
tuning the mass flow controllers or tuning a throttle valve7 mounted between the chamber
and the pump. The pressure was read using a 0 – 2 Torr manometer8 which is connected
to the throttle valve and a pressure control box9. Each pressure reading was backed up
by readouts from a pressure control loop which consists of two capacitance manometers
of 0 – 1,000 Torr range and 0 – 1 Torr range10, 11, an ion sensor12, and another control
box2 – 4.

3.2.3. Operational Details about the ECR-MW Source

The ECR-MW source, shown in Figure 3.2.1-1, operates at a frequency of 2.45
GHz and has a magnetic field strength of 875 Gauss. It has a microwave generator that
can deliver between 50 and 700 W, and a direct current power supply that can flow
between 15 and 25 amperes at a potential difference of 20 to 40 volts3, 13, 14. In specific,
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the source consists of a bell-jar surrounded by electric coils, a monopole magnet, and a
metal cylinder that connects to the microwave generator via a rectangular waveguide, a
three-stub tuner15,

16

, and a 50 Ohms dummy load13,

14

. The source also uses a

recirculating chiller that flows 0.7 liters of water per minute to the source17 and a
regenerative blower capable of flowing 27 cubic feet of air per minute18 to cool down its
bell jar, which temperature was measured using a k-type thermocouple paired to a digital
thermometer19.

3.2.4. Operational Details about the Substrates Heater

The substrates heater, shown in Figure 3.2.4-1, can reach temperatures of
approximately 400ºC. It consists of a serpentine made of graphite rail enclosed in a 3
inches diameter pyrolytic boron nitride (BN) 20,

21

, positioned 0.4 inches beneath the

substrate, and shielded by three 4.5 inches diameter 0.4 mm thick molybdenum discs that
are leveled by 0.75-inch spacers made of 915 Macor 22. Its whole embodiment is settled
beneath a stainless-steel substrate holder, positioned at 6 inches below the ECR-MW
source’s base13, 14 and braced by a 5.5 inches height, 6.3 inches base, and 2.4 inches
depth stainless steel triangular frame.

The substrates heater can control its temperature at ± 1ºC from its setpoint using
a feedback loop control circuitry that consists of an electromechanical relay23, 24, a silicon
control rectifier25, a k-type sensor that connects to it, and a k-type sensor that connects to
the substrate holder23. Each sensor connects to the relay and the rectifier through two
independent closed-loop control master-slave wired lines.
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Figure 3.2.4-1. Detail top, a), and front, b), view diagrams of the substrates heater’s
armor.
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3.2.5. Operational Details about the Direct Voltage Discharge Apparatus

The direct voltage discharge apparatus used in this study shown in Figure 3.2.5-1
can deliver from 0 to 720 volts and from 0 to 0.6 amperes to the substrates26. It consists
of a direct current power supply, which has independent outputs to deliver voltage and
current. It is an American wire gauge (AWG) rated composite cable27 that connects the
power supply and the substrates holder using oval machine screws of 0.25-inch diameter.

Figure 3.2.5-1. One-line diagram of the substrates’ direct voltage discharge apparatus.

3.3. Testing the ECR-MW-CVD System

Testing the system was one of the primordial tasks needed to define the
characteristics of the ambipolar-state’s character of the ECR-MW-CVD method correctly,
which was done testing the system’s features while it is in operation.
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3.3.1. Inspecting the Operational Integrity of the ECR-MW-CVD System

The integrity of the system was tested and inspected following policy approved by
the Occupational Safety and Health Administration28, the International Organization for
Standardization29, the National Aeronautics and Space Administration30, the United States
Environmental Protection Agency31, the American Society of Mechanical Engineers32, 33,
the American National Standards Institute34, and the American Institute of Chemical
Engineers35. On top of that, the system was routinely checked for gas leaks using a
portable automatic leak detector36 and argon 99.9% pure and for microwaves leaks using
a microwave survey meter37 and helium 99.9% pure.

3.3.2. Testing the ECR-MW-CVD System in Operation

3.3.2.1. Observation of the Pressure-over-Flow Rate Curves of the Gases

Gas pressure-over-flow curves shown in Figure 3.3.2.1-1 proves that the system
can handle methane and hydrogen effectively. The data of that figure was generated
gathering data from run to run, which turned out to be reproducible and accurate in all the
tests regardless of the type of gas in question or its flow rate.
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Figure 3.3.2.1-1. Pressure over gas flow rate curves for methane and hydrogen using a
turbo-molecular pump, a), and a rotary-vane pump, b). The points on these graphs were
measured by flowing the gas on test for thirty minutes with the valve fully open at
standard room temperature and humidity conditions.

3.3.2.2. Observation of the Susceptibility of the Gases in Response to the ECR-MW
Source

Figure 3.3.2.2-1 shows argon, hydrogen, and methane ignited at different powers
for thirty minutes and proves that methane – contrary to argon and hydrogen – is the only
gas susceptible to the energy coming from the ECR-MW source and the only gas reacting
inside the ECR-MW-CVD system. The pressure of argon and hydrogen, which have 1st
ionization energies between 14 and 17 eV, remained almost constant at any microwave
power while the pressure of methane, which has 1st ionization energies is between 4 and
7 eV, gets higher at higher powers. The ECR-MW source can deliver between 15 and 30
eV, enough energy to ionize argon or hydrogen and, if that would be the case, to react
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them — forming byproducts that end inducing higher pressure in the ECR-MW-CVD
system. However, methane is the only gas reacting inducing pressure inside the ECRMW-CVD system at any power because it is the only gas forming other species inside the
ECR-MW environment38 – 40.

Figure 3.3.2.2-1. Gas pressure in response to the electron cyclotron resonance
microwave power. The alphanumeric characters “Ar,” “H2,” and “CH4” are used to
identify argon, hydrogen, and methane. Each gas was flowed individually at ten sccm for
one minute.
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3.3.2.3. Observation of the Pressure over Temperature Flow Regime Diagrams Generated
using the Reciprocal Knudsen Number as Regime Criteria

The reciprocal Knudsen number 41 – 43, shown in Figure 3.3.2.3-1, was calculated
for the system, and it shows that the system always operates in the transition flow regime38,
41

. The curves of air and methane in Figure 3.3.2.3-1 look similar because the molecular

weight and the viscosity of air and methane are similar in magnitude at the pressures and
temperatures in which the hydrocarbon films are deposited inside the ECR-MW-CVD
system. These curves show that the ambipolar-state of the ECR-MW-CVD system will
never be the consequence of collisions between species — as it is expected to happen if
films are grown if the system ignites the gases in the molecular flow regime41, 44. In addition
to that, these curves show ambipolar-state of the ECR-MW-CVD system will never be the
consequence of continuous migration between species inside a medium — as it is
expected to happen if films are grown in a system ignites gases in the viscous flow
regime41 – 43, 45. Thereupon, these curves sustain that the ambipolar-state of the ECR-MWCVD system should be transient, discrete, discriminant, and thus, susceptible to anything
that alters the conditions inside the ECR-MW-CVD system38, 40 – 43, 46. Transient, because
in the transition regime, the species inside the ECR-MW plasma interact unsteadily;
discrete, because in the transition regime, the species inside the ECR-MW plasma will be
ionized randomly; and discriminant, because in the transition regime, the species inside
the ECR-MW plasma will be ionized selectively.
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Figure 3.3.2.3-1. Pressure over temperature flow regime diagrams based on the
reciprocal Knudsen number (RKN) for air, (a), and methane, (b)39, 41. The data was
gathered from the National Institute of Standards and Technology47, 48 and adjusted to
the system’s characteristic length, which is 101.6 millimeters48. The words “VISCOUS,”
“TRANSITION,” and “MOLECULAR” demarcate the type of flow regime. The details of
how these diagrams were generated are discussed in the Appendix A.
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PART II – Depositing and Characterizing Hydrocarbon Films

3.4. The Strategy behind the Deposition of Hydrocarbon Films

Films were deposited in batches at the conditions summarized in Table 3.4-1.
Before each deposition, the system was cleaned using hand tools, compressed air, and a
dust extractor48. Then, the system was evacuated for approximately thirty minutes;
afterwards, gases were flowed at ten sccm for approximately twenty minutes. Note that
the evacuation of the system lasted thirty minutes to ensure that any trace gas was purged
before removing the substrates. On top of that, note that the total number of depositions
done was 98, which equals to three years of experiments done in the first shift of labor,
but which is less than the near four decades of nonunderstanding how to use the features
of the ECR-MW-CVD method for making films49, 50.

Table 3.4-1. Summary of conditions used to vapor-deposit hydrocarbon films.
Deposition Parameter

Range / Value

Time

18m – 1d

ECR-MW Power

100 – 650 W

ECR-MW Resistance

1.58 – 1.69 Ohms

Substrate Temperature

30 – 200ºC

Direct Voltage Discharge

-50, 0, and +50 VDC

Pressure

3 – 7 Pa

ECR-MW Reflected Power

0 – 15 W

Base Pressure

1.3 x 10–3 Pa
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3.5. The Strategy for Characterizing Hydrocarbon Films

Films deposited on pieces of 380 µm-thick (1,0,0) n-type silicon wafers51, which
were machined using a 3-axis fiber laser marker with a wavelength of 655 nm52, were
characterized in four categories. These categories are match with techniques used to
characterize the films and the films’ properties in Table 3.5-1. Figure 3.5-1 shows how
silicon substrates were arranged on top of the substrate’s holder prior each deposition
experiment. On a side note, Kapton HN films were randomly used as substrates to
evidence that films can be deposit on a plastic mandrel harmlessly.

Table 3.5-1. Summary of techniques used to characterize films by category.
Category

Property

Technique

1

• Thicknesses
• Coating
uniformities
• Microstructures

• Scanning electron microscopy
• Scanning probe microscopy

2

• Densities

• Scanning electron microscopy
• Gravimetry

3

• Toughnesses

• Nano-indentation

4

• Refractive Indices
• Colors
• Translucencies
• Surface
chemistries

• Ellipsometry • Raman spectroscopy
• X-ray photo electron spectroscopy
• ROYGBIV analysis via telephotography
• Translucency via computerized image analysis
• Grazing-angle Fourier transform IR spectroscopy
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Figure 3.5-1. Detail diagram that shows how substrates were positioned on top of the
substrate’s holder. The nominal dimensions of substrates I, II, III, and IV were 40 mmheight and 10 mm-width, 5 mm-height and 5 mm-width, 5 mm-height and 5 mm-width,
and 40 mm-height and 20 mm-width. All substrates were 0.38 mm thick.

3.5.1. Measuring the Thicknesses, Determining the Coating Uniformities, and Observing
the Microstructures of Hydrocarbon Films

The thicknesses and coating uniformities of the films were observed on substrates
I and II via scanning electron microscopy and scanning probe microscopy. The films’
thicknesses were measured placing the substrates near 90º inside a scanning electron
microscope that has 10 nm of resolution53. The films’ coating uniformities were determined
using simple statistics because the sampling size per deposition batch was less than two
thousand. The films’ microstructures were observed at 60º using the same scanning
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electron microscope, but also using a scanning probe microscope that has 40 x µm2 1 nmdepth of resolution and a detection wavelength of 850 nm53,

54

. The integrity and

microstructure of the bare substrates were observed to validate the substrates as blanks
and the microscopes' resolution and operation limits. These observations were
summarized as shown in Figure 3.5.1-1.

3.5.2. Determining the Densities of Hydrocarbon Films

The films’ densities were estimated by combining observations obtained utilizing
scanning electron microscopy, gravimetry, and length measurement on substrates II and
III. First, the density of uncoated substrates II and III was verified via gravimetry using an
analytical micro-balance with 1 µg resolution55, 56 and a pair of calipers with ten µm56 of
resolution before starting each experiment. The data product of that type of measurement
is shown in Figure 3.5.2-1. Second, gravimetric data was collected from these substrates
before and after each deposition experiment. Finally, substrates II were fractured in onehalf using a scribe. Afterward, their fractured edges were imaged at 90 and 60º via
scanning electron microscopy, which was used to confirm the thicknesses and
microstructures of the films.
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Figure 3.5.1-1. Observations of on bare substrates acquired using scanning electron
and scanning probe microscopies at 60º and 55º respectively. a), c), and e) are scanning
probe microscopy images of 8.75, 10 x 10–3, 0.1 x 10–3 square-millimeters samples. b),
d), and f) are scanning electron microscopy images of 1.27, 0.950 x 10–6, and 2.78 x 10–6
square-millimeters samples. The intrinsic defects on the substrates are circled on a).
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Figure 3.5.2-1. Calibration of substrates II and III. a) shows a picture of the substrates
by size. b), c), and d) show the mean density, its accuracy, and the mean weight for
each substrate by size respectively. The values above the black line in b) and c)
represent the theoretical density of pure silicon, 2.329 g/cm3, which is equal to an
accuracy of 100%. Details of how b), c), and d) were generated are discussed in the
Appendix B.
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3.5.3. Determining the Toughness of Hydrocarbon Films

The films’ toughnesses were determined using nano-indentation. The films’
hardnesses and elastic modulus were measured on pieces of substrates I employing a
nano-indentation apparatus with preset software analytics algorithms and used a
Berkovich type diamond tip with an equiaxial resolution of 1 nm57. The indentation angle
was 75º with respect to the tip’s head. The values of the shear modulus and hardness of
the blank silicon substrates were verified to be close to 62 GPa and 9.6 GPa, respectively.

3.5.4. Observing the Refractive Indices, Colors, Translucencies, and Surface
Chemistries of Hydrocarbon Films

Films’ refractive indices, colors, and translucencies were observed via
ellipsometry, photography, and computerized image analysis, films’ surface chemistries
were analyzed utilizing x-ray photoelectron, grazing-angle Fourier transform infrared, and
Raman spectroscopies. Films’ refractive indices were estimated from squared error
approximation58 of light absorption and reflection data from substrates IV as is shown in
Figure 3.5.4-1 using an ellipsometer at a wavelength of 533 nm with a light depth capacity
of 20 mm and at an incidence angle of 75.5º. These refractive indices were matched up
analytical using the real values of the films’ thicknesses measured on substrates I using
Cauchy’s layer model59

– 61

. Films’ colors and translucencies were ascertained as

illustrated in Figure 3.5.4-2 by photographing the surfaces of substrates IV at 90º under
an organic electro-luminescent lamp of 1,200 lm and 4,000K62 using an iPhone X with a
wide-angle telephoto camera of 12MP63. The adjudication of the colors and translucencies
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was possible analyzing the images using ROYGBIV and translucency scales64 – 66 that are
part of a closed source presentation software67 as is shown in Figure 3.5.4-2.

Films’ surface chemistries were also selectively analyzed on substrates IV at a
light incidence of 80º using an infrared spectrophotometer with an accuracy of 1 µm68 and
a Raman spectrophotometer with a laser of 532 nm settled at a power of 90 W69, 70. The
spectrums obtained using these techniques, shown in Figure 3.5.4-3 were matched and
used to calculate the fraction of each hybridized bond in each film, which is shown in
Figure 3.5.4-4. Nonetheless, the surface chemistries of the films’ microstructures were
discretely observed on substrates I employing an x-ray photoelectron spectrophotometer
with 20 nm resolution71.

Figure 3.5.4-1. Ellipsometry data of films deposited at 650 W. The film was deposited in
one day using 4 Pa of methane. The beam’s incidence angle was 75.5º. The 1st and 2nd
datasets demarcate the experimental and modeled results which were gathered from the
same sample revolved at 180º and in parallel to the sample’s plate at a wavelength of
533 nm. Each film’s refractive index was obtained as described in Appendix C.
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Figure 3.5.4-2. Illustration of how the translucencies — and optionally, colors — of films
were ascertained. A, B, and C are boolean expressions72. A and B are obtained via
telephotography at 90º. C was computed using a closed source presentation software63 –
67

.

83

Figure 3.5.4-3. Grazing-angle Fourier transform infrared and Raman spectrums of films
deposited at different powers. All the films were deposited in one day using 4 Pa of
methane.
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Figure 3.5.4-4. Fractions of hybridized carbon bonds for films deposited at different
powers. The fractions were calculated employing the integration and peak area
measurement method73 on data gathered via Raman spectroscopy as illustrated in
Appendix D. The films were deposited in one day using 4 Pa of methane. The
percentages of each hybridized bond were calculated by multiplying the fraction of each
hybridized carbon bond by 100.
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Chapter 4
Depicting the Ambipolar-State’s Character of the ECR-MW-CVD Method through
Observations on the Properties of Hydrocarbon Films

4.1. Strengthening the Knowledge Gotten on the Second Chapter and Complementing the
Depiction of the Ambipolar-State’s Character of the ECR-MW-CVD Through
Observations made on Hydrocarbon Films

Until now, the previous chapters offered strong evidence of ambipolar-state’s
character of the electron cyclotron resonance – microwave – chemical vapor deposition
(ECR-MW-CVD) method is non-collisional, transient, discrete, discriminant, and
susceptible to the conditions inside the ECR-MW-CVD system. It was observed that the
ambipolar-state’s character of the ECR-MW-CVD method should be transient mainly
because the conductivity of the substrate changes with time and because the ECR-MWCVD system grows films in the transient. The ambipolar-state character of the ECR-MWCVD method resulted in being discrete primarily because the ECR-MW source is a light
source and should impose energy to the gaseous species discretely. The ambipolarstate’s character of the ECR-MW-CVD method was discriminant principally because
hydrocarbon films are deposited in the transient regime while the ECR-MW source
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decomposes only methane at any power. Altogether, the transient, discrete, and
discriminant behavior of the ambipolar-state’s character of the ECR-MW-CVD method
makes it possible to manipulate the properties of films grown inside an ECR-MW-CVD
system.

Chapter 2 introduced the ‘ambipolar-state’s character of the electron cyclotron
resonance – microwave – chemical vapor deposition (ECR-MW-CVD) method as a
concept and that the depiction of such concept helped to predict the working nature of the
ECR-MW-CVD system in vapor-depositing hydrocarbon films. In specific, Chapter 2
presented the historical need of depicting the ambipolar-state’s character of the ECR-MWCVD method for the first time and offered evidence of the ambipolar-state’s character of
the ECR-MW-CVD method non-collisional behavior.

Chapter 3 exposed the depiction of the ambipolar-state character of the ECR-MWCVD method through the characterization of an ECR-MW-CVD system. The first part of
Chapter 3 showed how the ambipolar-state’s character of the ECR-MW-CVD method,
which is the sum of properties or characteristics that defines it, is dictated by the conditions
inside an ECR-MW-CVD system. The first part of Chapter 3 also offered the first half of
the empirical evidence supporting that the ambipolar-state’s character of the ECR-MWCVD method is transient, discrete, discriminant, and susceptible. The second part of
Chapter 3, which is also part of the experimentation of this thesis, introduced the type of
scheme to characterize hydrocarbon films deposited inside an ECR-MW-CVD system —
a scheme of which creation is sustained by evidence coming from the first part of Chapter
3, Chapter 2, and Chapter 1.
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Chapter 4 exposes the depiction of the ambipolar-state’s character of the ECRMW-CVD method through the properties of hydrocarbon films. The first part of Chapter 4
relates the ambipolar-state’s character to the films’ properties to one dependent variable
such as processing time or the power of the ECR-MW source; its second part interrelates
multiple films’ properties and the nature of the ambipolar-state’s character of the ECRMW-CVD method at selected conditions. Furthermore, Chapter 4 discusses the
observations in the properties of hydrocarbon films deposited at specific conditions inside
an ECR-MW-CVD system and tight these to the ambipolar-state’s character of the ECRMW-CVD method.

PART I. Relating the Ambipolar-State’s Character of the ECR-MW-CVD Method and
Films’ Properties using One Process Variable

4.2. Observations on Films Deposited at Different Times

Films deposited at different times confirm that the ambipolar-state’s character of
the ECR-MW-CVD method is transient, discrete, and susceptible1 – 6. This is noticeable by
looking at Figures 4.2-1, 4.2-2, 4.2-3, and 4.2-4.

The microstructure of films gown for 18m, 1h, and 1d shown on Figures 4.2-1 and
4.2-2 offer evidence of the transient and discrete nature of the ambipolar-state’s character
of the ECR-MW-CVD method. Figures 4.2-1 and 4.2-1 show that hydrocarbon films grew
according to the Stranski-Krastanov growth model presented in Section 2.3. In general,
the matrixes of films of 1 µm-thick or thicker consisted of islands embedded in layers, but
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the matrixes of thinner films consisted of a stack formed by layer-over-layer, as shown in
Figures 4.2-1 and 4.2-26. Films deposited for less than 1hr looked like perfect planes and
films deposited for 1hr and 24hr looked more like pediplains 7. In specific, scanning-probe
and scanning-electron microscopy images of Figures 4.2-1 and 4.2-2 show that films
initially grow as layer-over-layer — with layer apparent thicknesses ranging from 1 – 100
nm and critical thicknesses ranging between 0.2 – 1.0 µm — regardless the power used
to grow the films.

The data of density, stress, hardness, and mean thickness of films shown in
Figures 4.2-3 and 4.2-4 offer evidence of the susceptible and discrete nature of the
ambipolar-state’s character of the ECR-MW-CVD method. For the reasons exposed from
Section 2.4 to Section 2.7 and consistent with the observations of Figures 4.2-1 and 4.22, Figures 4.2-3 and 4.2-4 show that films deposited at 200 W for 18m, 1hr, and 1d get
denser and thicker as the time lapses. However, Figure 4.2-4 shows that films were softer
as these got thicker4, 6, 8. Data gathered from nano-indentation and images were taken
using scanning electron microscopy shown in Figure 4.2-4 revealed that films deposited
at 200 W in 18m were ~30 times harder as these were ~20 times thinner than films
deposited at 200 W in 1d. Consistently, films deposited at 500 W in 18m were ~5 times
harder as these were ~50 times thinner than films deposited at 500 W in 1d. In contrast,
Figures 4.2-3 and 4.2-4 show that films deposited at 500 W for 18m, 1hr, and 1d get thicker
but not necessarily denser as the time lapses regardless of the microstructure of films
grown for 1d at 200 or 500 W end looking like pedi-planes, consistently with literature
exposed from Section 2.3 and Section 2.81, 4 – 6, 8 – 10. This is evident by comparing the
conditions used to deposit thick and dense films shown in Figures 4.2-3 a) and c) with the
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conditions used to deposit films that were thick but less dense as shown in Figures 4.2-3
b) and d).

Figure 4.2-1. Scanning electron microscopy images of films deposited at different times.
The images shown in a) were obtained from films deposited at 200 W. The images
shown in b) were obtained from films deposited at 500 W. Each film was deposited using
4 Pa of methane. Each image has an area of 200 µm2.
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Figure 4.2-2. Scanning probe microscopy images, a), and scanning electron microscopy
images, b), of films deposited at different times. Each film was deposited at 200 W using
4 Pa of methane. Each image in a) has an area of 10,000 µm 2. The area of each image
in b) is noted right next to the bottom of the image.
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Figure 4.2-3. Mean densities and thicknesses of films deposited at different times. The
data shown in a) and c) was gathered from films deposited at 200 W. The data shown in
b) and d) was gathered from films deposited at 500 W. Each film was deposited using 4
Pa of methane. The percentage of variance between measurements of the same sample
was not greater than 6%. The percentage of deviation between measurements in two
different samples was not greater than 5%.
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Figure 4.2-4. Mean stresses, hardnesses, and thicknesses of films deposited at different
times. The data shown in a), c), and e) was obtained from films deposited at 200 W. The
data shown in b), d), and f) was obtained from films deposited at 500 W. Each film was
deposited using 4 Pa of methane. The percentage of variance between measurements
of the same sample was not greater than 6%. The percentage of deviation between
measurements in two different samples was not greater than 5%.
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4.3. Observations on Films Deposited Settling the ECR-MW Source at Different Powers
and Resistances

Films deposited at different powers and resistances confirm that the ambipolarstate’s character of the ECR-MW-CVD method is discrete and susceptible to the power
imposed by the ECR-MW source. The evidence of these properties is shown in Figures
4.3.1-1, 4.3.1-2, and 4.3.2-1. The relationships between the power and the resistance of
the ECR-MW plasma source and the properties of films deposited in an ECR-MW-CVD
system are shown from Figure 4.3.1-1 to Figure 4.3.2-1. The ECR-MW resistance is equal
to the voltage of the ECR-MW source, measured in volts in the ECR-MW source’s power
supply, divided by the current of the ECR-MW source, which is measured in amperes in
the ECR-MW source’s power supply.

4.3.1. Observations on Films Deposited at Different Powers

The microstructures of films show that the ambipolar-state’s character of the ECRMW-CVD method is susceptible to the power of an ECR-MW source. Figure 4.3.1-1 shows
that the films’ microstructure looked like pediplains when deposited at any power, but
those microstructures exhibited a noticeable presence of islands on films when deposited
at higher powers1,

4 – 6, 11, 12

. These happenings are consistent with the happenings

described in Sections 2.7 and 2.8. Scanning-electron and scanning-probe microscopy
images and data gathered via gravimetry and nano-indentation showed that films
deposited at low powers were thinner and denser than and equivalently tough to films
deposited at high powers. Scanning electron microscopy images that the matrices of the
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films consist of islands more embedded in layers in films deposited at lower powers and
vice versa.

The microstructures, densities, and thicknesses of films deposited at different
powers show the discrete behavior of the ambipolar-state’s character of the ECR-MWCVD method1, 2, 10, 12. It should be noticed that the mean density and thickness of films
deposited at 650 W did not follow the continuous trend of those films deposited at < 650
W, as shown in Figure 4.3.1-2—although islands that have the highest contrast are
present in films deposited at 650 W, as shown in Figure 4.3.1-1.

Figure 4.3.1-1. Scanning electron microscopy images of films deposited at different
powers. Each film was deposited in 1d using 4 Pa of methane and each image has an
area of 50 µm2.
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Figure 4.3.1-2. Mean densities, a), and thicknesses, b), of films deposited at different
powers. Each film was deposited in 1d using 4 Pa of methane.

4.3.2. Observations on Films Deposited at Different Resistances

The microstructures and thicknesses of films deposited setting the resistance of
the ECR-MW source at different values confirm that the ambipolar-state’s character of the
ECR-MW-CVD method is discrete and susceptible to the resistance imposed by the ECRMW source1 – 3, 5, 10, 12. Figure 3.2-1 shows that films deposited settling the ECR-MW source
at lower resistances can be up to ~20 times thinner than films deposited at similar plasma
conditions and with the ECR-MW source settled at higher resistances. These observations
were consistent with the explanations stated from Section 2.5 to Section 2.8. The
microstructures of films deposited at low resistance values consisted of an intermix of
islands and layers. Figure 4.3.2-1 a) shows that the microstructures of films deposited at
higher resistance values exhibited holes. Figure 4.3.2-1 b) shows that films deposited at
a lower or higher resistance were thinner than films deposited at a moderate resistance.
Figure 4.3.2-1 shows that films deposited at a higher resistance exhibited a lack of coating
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uniformity per deposition area in films deposited on substrates that belong to the same
deposition batch.

Figure 4.3.2-1. Scanning electron microscopy images, a), and mean thicknesses, b), of
films deposited at different ECR-MW resistances. Each film was deposited for 1day at
500 W using 4 Pa of methane. Each image has an area of 50 µm2. The word ‘Density’
demarcates the pieces used to measure the mean densities of the films. The word
‘Toughness’ demarcates the pieces used to measure the mean stresses and
hardnesses of the films.

4.4. Observations on Films Deposited on Thermally and Electrically Heated Substrates

Films deposited on thermal or electrical heated substrates confirm that the
ambipolar-state’s character of the ECR-MW-CVD method is susceptible and discrete. The
evidence of these properties is shown in Figures 4.4.1-1, 4.4.2-1, and 4.4.2-2.

The relationships between thermally or electrically heated substrates, the nature
of the ambipolar-state’s character of the ECR-MW-CVD method, and the properties of the
films are shown from Figure 4.4.1-1 to Figure 4.4.2-2. Films deposited on thermally heated
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substrates did not exhibit a difference in their density or toughness. Still, they showed
holes, islands, and discontinuity in their microstructures compared to films deposited on
substrates that were not thermally heated. Nonetheless, their surfaces displayed minimum
or no birefringence to the light when compared to films deposited on substrates that were
not electrically heated. These happenings are expected and in agreement with the
material exposed Section 2.8, which tells that atomic species forming hydrocarbon films
end more aligned when electrical heating is imposed to the substrates because the atomic
species move less chaotically under weak electric fields— independently of the films’ endmicrostructure, density, or hardness.

4.4.1. Observations on Films Deposited on Thermally Heated Substrates

The microstructures of films deposited at different powers show that the ambipolarstate’s character of the ECR-MW-CVD method is susceptible to thermal heating. This
property is evidenced on the microstructures of films deposited on thermally heated
substrates shown in Figure 4.4.1.

The ambipolar-state’s character of the ECR-MW-CVD method will limit the kinetic
energy of the species moving and reacting above the substrate discretely, dictating the
film’s grow mechanism regardless the substrate’s temperature. Figure 4.4.1-1 a) shows
that the microstructures of films deposited on substrates heated to temperatures > 90ºC
displayed holes and rocky bodies1, 3, 4, 9, 10, 12. Similar to the case in which films were
deposited by setting the resistance of the ECR-MW source to a higher value—Figure
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4.4.1-1 b) shows that there was a mismatch between the thicknesses of films deposited
at 200ºC on pieces of substrates that belong to the same deposition batch.

Figure 4.4.1-1. Scanning electron microscopy images, a), and mean thicknesses, b), of
films deposited at different temperatures. The data at 120ºC and 200ºC was obtained
from films deposited on thermally heated substrates. Each film was deposited using
methane diluted in hydrogen at a pressure of 4 Pa. Each image has an area of 200 µm 2.
The word ‘Density’ demarcates the pieces used to measure the mean densities of the
films. The word ‘Toughness’ demarcates the pieces used to measure the mean stresses
and hardnesses of the films.

4.4.2. Observations on Films Deposited on Electrically Heated Substrates

The microstructures of films deposited on electrically biased substrates showed
that the ambipolar-state’s character of the ECR-MW-CVD method is susceptible to the
polarity of the applied voltage and additional heating induced by the voltage, as is
illustrated in Figures 4.4.2-1 and 4.4.2-21 – 5, 10, 13. Where films deposited on substrates
biased to +50 VDC exhibited the smoothest surface, shown in Figure 4.4.2-1—
indiscriminately if the nature of the ambipolar-state's character of the ECR-MW-CVD
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method empowered the formation of thicker or thinner films at different powers and
voltages, as shown in Figure 4.4.2-2.

Figure 4.4.2-1. Scanning electron microscopy images of films deposited on electrically
heated substrates. Each film was deposited in 6hrs using 4 Pa of methane. The images
shown in a) were obtained from films deposited at 100 W. The images shown in b) were
obtained from films deposited at 500 W. Each image has an area of 200 µm 2.
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Figure 4.4.2-2. Mean thicknesses of films deposited over electrically heated substrates.
The data shown in a), b), c) and d) was gathered from films deposited at 100 W, 200 W,
350 W and 500 W. Each film was deposited in 6hrs using 4 Pa of methane. The word
‘Density’ demarcates the pieces used to measure the mean densities of the films. The
word ‘Toughness’ demarcates the pieces to measure the mean stresses and
hardnesses of the films.

PART II. Relating Multiple Films’ Properties to the Ambipolar-State’s Character of the
ECR-MW-CVD Method in Selected Samples

4.5. Observing Multiple Properties of Hydrocarbon Films in Selected Samples

The following subsections show what happens to multiple properties of
hydrocarbon films when these are grown influenced by the transient, discrete,
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discriminant, and susceptible ambipolar-state’s character of the ECR-MW-CVD method.
These subsections showcase the variety of films that can be grown inside an ECR-MWCVD at temperatures equal to or less than 200ºC in Figures 4.5.1-1, 4.5.2-1, 4.5.3-1, and
4.5.6-11 – 6, 8, 10 – 14.

In consistency with the material explained in Sections 1.5.1.6, 2.5, 2.7, 2.8, 4.2,
4.3, and 4.4 these subsections show that the films matrixes are made of carbon sp3, sp2,
and sp hybridized species by looking at Figures 4.5.1-1, 4.5.2-1, and 4.5.3-1. Furthermore,
that the color of the films are the consequence of the amount of sp3, sp2, and sp bonds
in these matrixes and that how the matrixes of the hydrocarbon film form is the indirect
consequence of the forced or natural behavior of the ambipolar-state’s character of the
ECR-MW-CVD method.

4.5.1. Observations on the Refractive Indices, Colors, Translucencies, and Thicknesses
of Hydrocarbon Films

Figure 4.5.1-1 shows a mismatch between the refractive indices, colors,
translucencies, and thicknesses of films deposited at different powers1, 4 – 6, 8, 11, 14, 15. Due
to that, the ambipolar-state’s character of the ECR-MW-CVD method is transient, discrete,
discriminant, and susceptible to the conditions in the ECR-MW-CVD system. Researchers
can't correlate the refractive indices and translucencies of the films with their thicknesses.
Consequently, even depositing a small difference in the power used to deposit
hydrocarbon films will coarsen the ambipolar-state’s character of the ECR-MW-CVD
method and affect how species inside the ECR-MW-CVD system end forming these films.
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Figure 4.5.1-1. Refractive indices, a), % of translucencies and colors, b), and mean
thicknesses, c), of films deposited at different powers. Each film was deposited in 1d
using 4 Pa of methane.
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4.5.2. Observations on the Refractive Indices, Colors, Translucencies, and Surface
Chemistries of Hydrocarbon Films

Figure 4.5.2-1 shows that the refractive indices, colors, translucencies, and surface
chemistry of films deposited at different powers were interrelated for the same reason
these films’ properties were unrelated to the film’s thickness1, 3, 4 – 6, 8, 11, 12, 13, 15 – 18. Figures
4.5.2-1 a), c), and d) show that the ambipolar-state’s character of the ECR-MW-CVD
method induces the formation of films with the lowest refractive index and balanced
amount of sp2 bonds over sp + sp3 bonds in their matrixes and vice versa — in direct
connection with the observations of the films refractive indices and colors. Figures 4.5.21 b), c), and d) shows that the ambipolar-state’s character of the ECR-MW-CVD method
favors that those films deposited at lower powers be more translucent as well as have a
large abundance of sp3 bonds coherently binding with other species in the ECR-MW
environment to form the matrixes of the films.

In a side note, depicting the nature ambipolar-state’s character of the ECR-MWCVD method does not capacitate anyone in predicting the exact color that a film would
have when it is deposited at a specific plasma condition. As mentioned in section 1.5, a
hydrocarbon film is not a polymer — it is not formed from a monomer. Also, the material
shown from Section 2.3 to Section 2.8 tells that regardless of if the ambipolar-state’s
character of the ECR-MW-CVD method is being depicted, many factors remain to be
addressed concerning the operation of the ECR-MW-CVD system.
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However, the nature of the ambipolar-state’s character of the ECR-MW-CVD
method helped interconnect the happenings inside an ECR-MW-CVD system with multiple
properties of the films. Figures 4.5.2-1 b), c), and d) show that depicting the ambipolarstate’s character of the ECR-MW-CVD helps to predict the coordination chemistry of the
films formed at any plasma condition as well as their color6, 8, 13, 14 – 18. Figures 4.5.1-1 and
4.5.2-1 show that one can decipher how thinner, and less translucent films with higher
refractive index were deposited at high powers, as observed on films deposited at 650 W.
Also, that films deposited at lower powers looked more green-blue, and their matrixes
consisted of a higher fraction of carbon sp 3 hybridized species; and that those films
deposited at higher powers looked more orange, and their matrixes consisted of a higher
fraction of carbon sp hybridized species were deposited at higher powers.

113

Figure 4.5.2-1. Refractive indices, a), % of translucencies and colors, b), and
deconvolution of bonds, c) and d), of films deposited at different powers. Each film was
deposited in 1d using 4 Pa of methane.

114

4.5.3. Observations on the Surface Chemistry and Microstructure of Hydrocarbon Films

Know about the nature of the ambipolar-state’s character of the ECR-MW-CVD
method helped predict the interrelation between the microstructure and surface chemistry
of the films, as shown in Figure 4.5.3-1. More interesting, the observations in Figures
4.5.1-1, 4.5.2-1, and 4.5.3-1 were consistent regardless is different instruments and
samples were used to obtain the data shown in each of them. The knowledge about the
susceptibility of the ambipolar-state’s character of the ECR-MW-CVD method to the power
of the ECR-MW source and to thermal heating explains how it is possible to deposit films
with high-contrast large-size islands in their microstructures and ratio, or quotient, of
sp+sp3 bonded by sp2 bonded hydrocarbon species in their matrixes. That same
knowledge allows one to explain how to deposit films that exhibit a moderate presence of
islands in their macrostructures and a balanced abundance of sp + sp 3 bonded over sp2
bonded carbon species in their matrixes, as shown in Figure 4.5.3-1 b)1, 2, 6, 11, 12, 14, 17. It
should also be noticed that the presence of islands in the films matched up with the
abundance of sp + sp3 bonded over sp2 bonded hydrocarbon species in the films’ matrixes,
as shown in Figures 4.5.3-1 a) and c).
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Figure 4.5.3-1. Scanning electron microscopy images and x-ray photoelectron
spectroscopy graphs of films deposited at different powers and temperatures. Each
image has a width of 10 µm and an area of 200 µm2. Each film was deposited in 1hr at 4
Pa using a mixture of 20:80 methane:hydrogen. The data shown in b) and c) was
gathered from films deposited on thermally heated substrates. The mean thicknesses of
the film in a), b) and c) are 1.1 µm, 1.1 µm and 0.5 µm.
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4.5.4. Observations on the Thickness and Coating Uniformity of Hydrocarbon Films

The ambipolar-state’s character of the ECR-MW-CVD system facilitated the vapor
deposition of films that were between 0.2 ± 0.01 µm and 9.8 ± 0.1 µm thick at deposition
times between 18m and 1d. However, any variation in the conditions used to deposit a
film influenced the ambipolar-state’s character of the ECR-MW-CVD method, the
thicknesses of the films, and the ability of the system to coat something uniformly. Films
that were between 0.4 ± 0.02 µm and 9.8 ± 0.1 µm thick were deposited in 6hrs by setting
the resistance of the ECR-MW to values between 1.58 and 1.69 ohms. Films that were
between 4.1 ± 0.04 µm and 9.8 ± 0.1 µm thick were deposited in 1d, at powers between
100 and 650 W. Films deposited for 6hrs on substrates which were thermally heated at
temperatures that ranged between 90 and 200ºC were between 2.9 ± 0.04 µm and 6.5 ±
0.3 µm thick. Films deposited on substrates that were electrically heated using voltages
that ranged between -50 VDC and +50 VDC were between 0.8 ± 0.002 µm and 7.7 ± 0.1
µm thick.

4.5.5. Observations on the Roughness of Hydrocarbon Films

Data gathered from scanning probe microscopy shows that the ambipolar-state’s
character of the ECR-MW-CVD method favors the formation of films no rougher than 80nm rms due to moderate ion energies and electron densities of the ECR-MW environment.
Evidently, films are grown on top of materials that assume a higher electrical conductivity
relative to anything else that surrounds them. That is because the ambipolar-state’s
character of the ECR-MW-CVD allows the preservation of that relatively higher electron
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conduction around the substrates at any stage of the deposition which favors the formation
of relatively smooth films.

Going into the specifics, the ambipolar-state’s character of the ECR-MW-CVD
system allowed the formation of films between 4 and 64 nm rms rough and that had peakto-valley distances between 196 and 1,200 nm in deposition times ranging between 18m
and 1d. Nonetheless, the ambipolar-state’s character of the ECR-MW-CVD method can
facilitate the deposition of rougher films. Films that were between 7 and 70 nm rms rough
and that had peak-to-valley distances between 154 with 709 nm were deposited by setting
the value of the resistance of the ECR-MW source between 1.58 and 1.69 ohms. Films
that were between 4 and 68 nm rms rough and that had peak-to-valley distances between
154 and 709 nm were deposited in 1d, at powers between 100 and 650 W. Films deposited
on thermally heated substrates — at temperatures ranging between 90 and 200ºC — were
between 11 and 35 nm rms rough and had peak-to-valley distances between 467 and 798
nm. Films deposited on electrically-biased substrates — at voltages ranging between -50
VDC and +50 VDC — were between 28 and 432 nm rms rough and had peak-to-valley
distances between 467 and 3,415 nm.
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4.5.6. Relating the Ambipolar-State’s Character of the ECR-MW-CVD Method to the
Energy Per Molecule of the ECR-MW-CVD System and the Microstructure of
Hydrocarbon Films

The energy per molecule induced during the deposition of a film affects the
ambipolar-state’s character of the ECR-MW-CVD method dramatically. This can be
inferred by observing the microstructure and thickness of films deposited at different
pressures of methane, as shown in Figure 4.5.6-1. Additionally, that can be noticed by
observing the microstructure and thickness of films deposited at different dilution ratios of
methane in hydrogen, as shown in Figure 4.5.6-2

1, 5, 9, 11, 12, 18 – 20

, where extremely lower

pressures of methane ruined the film’s microstructure and extremely higher pressures of
methane impeded the film’s growth rate, also shown in Figure 4.5.6-1. Comparatively,
diluting methane using a gas that has a higher 1st ionization energy — such as hydrogen
— induced similar effects in the thickness and microstructure of the films, as shown in
Figure 4.5.6-2.
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Figure 4.5.6-1. Scanning electron microscopy images, a), and mean thicknesses, b), of
films deposited at different pressures. Each film was deposited in 1d using methane.
Each image has an area of 50 µm2. The word ‘Density’ demarcates the pieces used to
measure the mean densities of the films. The word ‘Toughness’ demarcates the pieces
used to measure the mean stresses and hardnesses of the films.
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Figure 4.5.6-2. Scanning electron microscopy images, a), and mean thicknesses, b), of
films deposited at different percentages of methane diluted in hydrogen. Each film was
deposited in 1d. Each image has an area of 200 µm 2. The word ‘Density’ demarcates the
pieces used to measure the mean densities of the films. The word ‘Toughness’
demarcates the pieces used to measure the mean stresses and hardnesses of the films.
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Chapter 5
Concluding Remarks and Recommendations for Future Studies

5.1. Implications of the Study

The previous three chapters described the ambipolar-state of an electron cyclotron
resonance – microwave – chemical vapor deposition (ECR-MW-CVD) method as noncollisional, transient, discrete, discriminant, and susceptible to the deposition conditions
within the ECR-MW-CVD plasma environment. Chapter 3 showed that the ambipolarstate’s character of the ECR-MW-CVD method matches the characteristics of an ECRMW-CVD system. Chapter 4 showed that the ambipolar-state’s character of the ECR-MWCVD method contributes to the attributes of hydrocarbon films, regardless of the
conditions used to deposit the films. One should understand that the ambipolar-state’s
character of the ECR-MW-CVD method results from the conditions in the ECR-MW-CVD
system, which operates in the transition pressure regime — thermodynamically speaking
— and imposes moderate ion energies and electron densities to the species in the plasma.
What is more, the ambipolar-state’s character of the ECR-MW-CVD method facilitates the
deposition of a variety of films at relatively low substrate temperatures due to those ion
energies and electron densities provided by the ECR-MW-CVD’s energy source.
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Nonetheless, there is still much work to do concerning the concept ‘ambipolarstate.’ Having depicted the ambipolar-state’s character of the ECR-MW-CVD method may
have solved the issues that the fusion community regarding the use of the ECR-MW-CVD
system for making capsules for laser fusion experiments by showing what types of
hydrocarbons films an ECR-MW-CVD system can or can’t do; and what is more important,
why. But that is not enough. The concept ‘ambipolar-state’ still needs to be explored and
depicted for other synthesis methods such as plasma-enhanced chemical vapor
deposition and helical discharge resonation — methods of which plasma properties and
behavior remain unknown. The study of the concept ‘ambipolar-state’ can be expanded to
understand the behavior of synthesis methods other than chemical vapor deposition. This
dissertation is the first in connecting the properties of hydrocarbon films to the ambipolarstate’s character of the ECR-MW-CVD method. Nonetheless, further steps could be taken
to mathematize — or treat using of mathematics — and standardize the concept
‘ambipolar-state.’ Strictly speaking, the findings of this are strictly meant to be valid for
ECR-MW-CVD systems with ion sources capable of delivering only 15 and 30 eV at
powers of 100 and 650 W and resistances of 1.5 and 1.7 Ohms in a surface area of 12.97
x 10-2 m2

1 –4

. Howbeit, the knowledge of this study still needs to be tested on systems

different from the ECR-MW-CVD system described in the first part of Chapter 3, nor doing
deposition of hydrocarbon films using reactants other than methane.

The following sections present the status and future research concerning the study
of the concept ‘ambipolar-state.’ These summarize postulates from lessons learned from
the depiction of the ambipolar-state’s character ECR-MW-CVD method. Furthermore,
these sections establish a roadmap to implement and expand the knowledge about the
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concept ‘ambipolar-state’ by studying the ambipolar-state’s character of more synthesis
methods from the current understanding of the ambipolar-state’s character of the ECRMW-CVD method.

5.2. Postulates Based on the Current Knowledge of the Ambipolar-State’s Character of
the ECR-MW-CVD Method

The conditions of the ECR-MW plasma affect the ambipolar-state’s character of
the ECR-MW-CVD method, which ends affecting the properties of the hydrocarbon films.
That happens because the ambipolar-state’s character of the ECR-MW-CVD method is
susceptible to any change in the process variables such as the time, the power, and the
resistance at which hydrocarbon films are deposited and external heating imposed to the
substrates on which hydrocarbon films were deposited. Consequently, the films’ properties
ensure the ambipolar-state’s character of the ECR-MW-CVD method, which can be
coarsened before, or during the deposition process.

The relationship between the ambipolar-state’s character of the ECR-MW-CVD
method, the deposition parameters of an ECR-MW-CVD system, and the films’ properties
can be represented by one set of two symbolic equations: Yi,n = F(Xi,n) and Zj,n = F(Yj,n) +
F(Xj,n). Where Y represents the ambipolar-state’s property dependent on the conditions
inside the system; X represents the deposition parameters of the ECR-MW-CVD system
such as time and pressure, and Z represents the film property in question, such as density
or hardness. F represents a parametric function, and symbols i, j, and n are notations used
to distinguish each function5, 6.
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The ambipolar-state’s character of the ECR-MW-CVD method will favor the
formation of thicker films, considerably softer and smoother but complex in their surface
chemistry and microstructure. As evidenced in the previous three chapters, it is the noncollisional, transient, discrete, discriminant, and susceptible behavior of the ambipolarstate’s character of the ECR-MW-CVD method that makes it possible to grow hydrocarbon
films in this way. The deposition time, the voltage and resistance of an ECR-MW source,
and the external heating added to the substrates by electrical and thermal means proved
to be critical factors to optimize the films’ properties. Specifically, films microstructure is
attributed to the transient susceptible behavior of the ambipolar-state’s character of the
ECR-MW-CVD method as exposed in Section 4.2. The discreteness of the ambipolarstate’s character of the ECR-MW-CVD method made films grow smooth until the point in
which these films are grown, settling the ECR-MW source to high powers or low
resistances discussed in Section 4.3.2. The discriminant and susceptible behavior of the
ambipolar-state’s character of the ECR-MW-CVD method causes that those films grew as
when these are grown on electrically and thermally heated substrates as it was exposed
in Section 4.4.

5.3. Using the Knowledge Provided by the Ambipolar-State’s Character of the ECR-MWCVD Method to Fulfill the Needs of the Fusion Community

The depiction of the ambipolar-state’s character of the ECR-MW-CVD method is a
study funded by the fusion community to enhance the manufacture capsules for laser
fusion experiments at low cost and temperatures equal to or less than 200ºC for the
reasons described in Sections 1.1, 1.3, 1.6, and 2.27

– 11

. The results shown in each
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experiment of Chapter 4 show that the ECR-MW-CVD method can make capsules with
walls up to 4 nm-rms rough in a 10,000 µm 2 area that are 0.2 – 9.8 µm-thick, 5.2 – 180
GPa stressed, 0.3 – 12.1 GPa harden, and 1.0 – 1.8 g/cm3 dense in a controllable way
and without the need of pre- or post-processing methods. Moreover, the information
behind the ambipolar-state’s character of the ECR-MW-CVD method proved that an ECRMW-CVD system could produce a variety of coatings with properties that are valuable for
specialty applications such as Nobel electromagnetic radiation windows — or devices that
let laser light pass through them at specific wavelengths — blue light emitters, and heat
sinks. Furthermore, the results shown in Chapter 4 offers facts about the happenings
behind the deposition of hydrocarbon films within the system, which might help the fusion
community to design processing schemes for characterizing the shells in agile and timeeffective ways.

5.4. Expanding the Knowledge of the Ambipolar-State’s Character of the ECR-MW-CVD
Method Beyond the Scope of Fusion Sciences

The current knowledge of the ambipolar-state’s character of the ECR-MW-CVD
method could be used to harvest a world of knowledge on applications that are beyond
the scope of the fusion community. Going more in specifics, it would serve as a pillar to
understand unexplained phenomena in nanotechnology12 – 19 and biotechnology20 as well
as social12, 13, 21 – 24 and planetary19, 25 – 32 sciences.

Starting with nanotechnology, the study complements existent theories and
practical approaches to understand how a synthesis method fails in the depositing specific
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type and how such synthesis could be perfected at the atomic level. A starting point to
accomplish this is replicating each of the experiments exposed in Chapter 4 of this
manuscript for a selected synthesis method and comparing the outcomes obtained on that
method with the results obtained in this study using the theory of Chapter 2 of this
manuscript. The study could be used to provide insights on theories related to the kinetic,
electron, thermal, and transport processes of any synthesis method of interest for
synthesizing specialized types of materials using techniques like the techniques presented
in Section 3.3 of this manuscript. In the future, the information of the study can redefine
our understanding of definitions such as the plasma sheath of a specific vapor deposition
method from the depiction of that method’s ambipolar-state’s character.

Moreover, the study also explained how it is possible that different types of
materials can be synthesized at near ambient temperatures in Chapter 4. It offers an
alternative way to understand how specialty materials could be designed, created,
processed, and characterized from the atomic scale—the study’s outcomes illustrate how
and why energy and matter coexist s inside an ECR-MW-CVD system. In the future, those
same outcomes can be used to improve the current knowledge of how energy is stored
and generated inside any preselected system by depicting the ambipolar-state’s character
of pre-selected energy storage as explained in Section 1.2 of this manuscript and
comparing its ambipolar-state’s character to an idealized ambipolar-state’s character of
an ideal energy storage device.

Following up on biotechnology, the study offers intelligence about how atomic
species interact in the gas-substrate interphase can be translated to discover drugs that
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would make us surpass our human condition12 – 20. Its information is already providing
basic knowledge that can be used to uncover how some drugs can be modified and
characterized efficiently3, 12, 13, 20, 21. In the future, that same information could be used as
a base to speed up new ways to do medicine and therapeutics. In addition to that, this
information would serve to complement fundamental principles that will help us to develop
systems for the tracking and characterization of bio-subjects to help humanity understand
more about the evolutionary character of life, synergy, and coexistence of energy and
matter in living subjects.

Concerning today’s society, the study offers unique information from the laboratory
for today’s societal advancement. In essence, by knowing how to manufacture specialized
materials at lower temperatures, our society already started finding ways to reduce their
manufacturing costs by reducing the costs of the energy needed to produce them. In the
future, the study might be incorporated into other studies to find proper ways of developing
new synthesis methods to supply the demands of goods that are essential for our
transcendence using gases coming from the environment as raw materials.

Foremost, the study offers the basics for creating Nobel technology for making
materials at low substrate temperatures correctly. Due to that, the information provided by
the study is empirical; it can be incorporated into any application to correct any
misunderstanding about issues that technocracy might have created decades ago.
Ultimately, the study’s strategy resides in philosophy and empiricism. Therefore, it can be
used to drive realistic solutions in polemics that obstruct our society, such as the future of
digital sustainability, the usage of distributed autonomous systems, the venture
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architecture, the citizen 2.0, and the failure by the design of the machine learning
infrastructure.

Finally, the study can be expanded to warrant better sustainability on Earth and
beyond. The information from a study like this could be adapted to explain how our ecology
works and to know how it can be restored from pollution, but also, to understand how to
use pollutants as feedstock to manufacture environmentally friendly products. That same
type of information would help track and predict the happenings in the evolutionary path
of Earth’s biosphere. Furthermore, the knowledge gained from such kind of study would
be explaining the formation and evolution of our entire planetary system from the particle
standpoint, and it would help to find non or less destructive and diplomatic ways to explore
and manufacture materials in our universe.

The statements emitted in this section of the manuscript seem too far-fetched. Still,
they are plausible as it was plausible to depict the ambipolar-state’s character of the ECRMW-CVD method to understand if and how to use an ECR-MW-CVD system for vapor
deposit hydrocarbon films to make capsules for laser fusion experiments. That is why the
exploration of the concept ‘ambipolar-state’ must be extended beyond the needs of fusion
science.
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5.5. A process to Build More Knowledge from the Concept ‘Ambipolar-State’ and the
Current Status of the Knowledge about the Ambipolar-State’s Character of the
ECR-MW-CVD’s Method

The study is one of the first steps regarding the definition stage of the ambipolarstate’s character of the ECR-MW-CVD method; nonetheless, there is more that remains
unknown concerning the ambipolar-state’s character other synthesis methods. The
corollaries, findings, and postulates of the ambipolar-state must be validated in systems
like the ECR-MW-CVD system studied here and in different systems. That is why the
definition of the ambipolar-state should also be firstly extended and then validated for
vapor and non-vapor deposition methods using molecular species other than
hydrocarbon. The end goal would be that the study can explain how one specific method
can be modified to deposit any film. Such accomplishment will provide for inventions
analog to the creation of the steam engine but decades ahead.

After having solid knowledge about the ambipolar-state, the next step would be to
measure the parameters and characteristics of the synthesis methods and their products
briefly. It is imperative to provide measurements of synthesis parameters of the methods
and the properties of materials for any method the ambipolar-state’s character is under
study. Concerning vapor deposition methods, those efforts should include the
measurements and validation of any parameter associated with the system, the systems
used to validate the system, the techniques used to validate films, and the science behind
the characterization of techniques used to build the ambipolar-state.
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Because the study has to produce realistic explanations, there should be an
analysis stage parallel to the measurement stage. All the measurements from the
measurement stage should be compared to update facts about the ambipolar-state,
experimental systems, and synthesis methods, which is possible because — by its
definition — the ambipolar-state is mergeable with existent theories.

There should be an inspection stage in which the observations from this study are
analyzed and merged with other theories. Here, the compendium of theories would be
confronted and placed together like the mechanical components of a Swiss watch.

All that said, the final stage should be to incorporate the knowledge gathered in
the previous four stages in a control stage. The outcomes and data from the other stages
would be used to build alternatives for controlling the synthesis of any material. That stage
will provide space to revisit the different stages to clarify the ambipolar-state’s definition
and progress, preferably empirical. By making all this right, humanity could be creating the
complete synergy theory of the ambipolar states that will help them learn to synthesize the
impossible anyhow, anywhere, and in unimaginable ways.
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Appendix A
Creating the Reciprocal Knudsen Number Flow Regime Curves for Air and Methane
Inside an Electron Cyclotron Resonance – Microwave – Chemical Vapor Deposition
System at Specific Ranges of Gas Pressures and Temperatures

A.1. About Appendix A

Appendix A explains how the reciprocal Knudsen number (RKN) flow regime
curves for air and methane shown in Figure 3.3.2.3-1 were created. These curves show
in which flow regime the films are being deposited inside an ECR-MW-CVD system1, 2.
Although getting the real data requires to use the National Institute for Standards and
Technology (NIST) Chemistry WebBook3, the calculation of the RKN is simple and
plausible by using a spreadsheet software and the double interpolation method4. Appendix
A starts by introducing RKN as a function of the mean free path of the gas in question.
There after, Appendix A explains how and why the mean free path, which is function of
the viscosity of the gas in question, and the viscosity of the gas were determined as a
function of pressure and temperature. Appendix A ends explaining how the RKN data was
generated as a function of pressure and temperature and plotted.
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A.2. The Reciprocal Knudsen Number

In an ECR-MW-CVD system, the reciprocal Knudsen number (RKN), Equation
A.2-1, is defined as the ratio between the characteristic length of the ECR-MW-CVD
system, L — which is defined by the ECR-MW-CVD system’s geometry — and the mean
free path of the species of the gas in question. L is the characteristic length of the ECRMW-CVD system, which is 4 inches, or 0.1016 m.  is the mean free path or average
distance that an atom of the gas in question travels before changing its direction or
properties after and between it collides with other atoms. RKN is a dimensionless number
— reason why the characteristic length of the ECR-MW-CVD system and the mean free
path should be in meters1, 2, 5, 6.
1
𝑘𝑛

𝐿

=𝜆

[Eq. A.2-1]

A.3. The Mean Free Path

According to the Gibbs phase rule, Equation A.3-1, in an ECR-MW-CVD system
the mean free path, or , depends on the pressure and temperature of the gas in question 4,
7, 8

. F is the degree of freedom — or the number of independent variables that must be

defined to know the properties of a compound in any phase. Com is the number of
compounds and Ph is the numbers of phase to be considered in the analysis.
𝐹 = 𝐶𝑜𝑚 − 𝑃ℎ + 2

[Eq. A.3-1]
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For example, if a person wants to know the mean free path of methane in an ECRMW-CVD system, that person should consider that methane is only one compound, which
makes Com equal to 1. Also, that methane is introduced to the ECR-MW-CVD system as
a gas, which makes Ph to be equal to 1. Then, F is equal to 2; therefore, the mean free
path of methane must be a function of two independent variables4.

If a person wants to calculate the mean free path of air, which has two compounds:
oxygen and nitrogen, that person must define the mean free path as a function of three
independent variables. Alternatively, the mean free path of air can be estimated combining
the mean free paths of oxygen and nitrogen as function of two independent variables as
it is done for methane considering the composition of nitrogen and oxygen in air as the
third variable4.

Nonetheless, the mean free paths of air and methane in an ECR-MW-CVD system
are not defined as a function of pressure and temperature due to someone's perception
of choice. Those mean free paths should be defined as a function of pressure and
temperature because the ECR-MW-CVD system is an isochoric system4, 7.

Fortunately, the mean free path of gases such as oxygen, nitrogen, and methane
can be calculated using Equation A.3-2

4, 9

. M is the molecular weight of the gas in

question: 28.8503 g/mol for Air10, and 16.0425 g/mol for methane 11. R is the gas
constant12: 8.31446261815324 J K–1 mol–1, P is the pressure of the gas in Pa, and T is the
temperature of the gas in K.  is the viscosity of the gas in Pa-s — also function of pressure
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of the gas pressure and temperature of real gases — available for public use at the
National Institute of Standards and Technology (NIST) Chemistry WebBook3.

𝜇

500𝜋𝑅𝑇
𝑀

𝜆 = 𝑃√

[Eq. A.3-2]

As stated between Sections 2.4 and 2.7 of this manuscript, in an ECR-MW-CVD
system, the mean free path of the gases, Equation A.3-2, does not depend on the
collisional diameter of the gases but their viscosity. Other assumptions that validate the
use of Equation A.3-2 for estimating the mean free path are the gases behave ideally at
low pressure and that the atoms of the gases interact softly rather than colliding.

A.4. Creating the RKN Flow Regime Curves

In an ECR-WM-CVD system, the RKN flow regime curves are boundary conditions
that indicate the type of flow regime in which films are deposited. As mentioned in Section
3.3.2.3, if RKN is less than 1, the ECR-MW-CVD system operates in the molecular flow
regime — the regime in which films form due to molecular collisions — because there are
very few atomic species inside the ECR-MW-CVD system1, 2, 13. As mentioned in Section
3.3.2.3, If RKN is greater than 100, the ECR-MW-CVD operates in the viscous flow regime
— the regime in which films form via the inter-diffusion of atomic species — because
there are many molecules of the gas inside the ECR-MW-CVD system1, 2, 14, 15. If RKN is
between 1 and a 100, the ECR-MW-CVD system operates in the transition flow regime —
where films might form via the collision or inter-diffusion of the atomic species — inside
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the ECR-MW-CVD system2, 15. Wether the atomic species will collide or inter-diffuse will
depend on the type of energy imposed over them.

The calculation of RKNs is done by placing the data from the NIST Chemistry
WebBook into Equations A.2-1 and A.3.-2 at pressures ranging between 4.8 x 10 -2 to 50
Pa and specific temperatures of 300, 350, 400, 500 and 600 K. The data for the RKNs of
air and methane is shown in Tables A.4-1 and A.4-2. The viscosity of methane was
obtained directly from the NIST Chemistry WebBook3. The viscosity of air was determined
by obtaining the data of the viscosity of nitrogen and oxygen at similar pressures and
temperatures and by weighting each data point of oxygen and nitrogen by its
correspondent percentage in air, which is 77% or 0.77 factor for nitrogen, and 23% or 0.23
factor for oxygen4, 16.

Table A.4-1. RKNs for Air at Specific Pressures and Temperatures2, 3.
Values for RKNs close to 1
Temperature
(K)
300
350
400
500
600

Pressure
(Pa)

RKN
(----)

6.10E-02

9.0977E-01

6.73E-02

1.0026E+00

7.97E-02

9.7687E-01

8.59E-02

1.0532E+00

9.22E-02

9.5590E-01

9.84E-02

1.0205E+00

1.23E-01

9.7273E-01

1.30E-01

1.0218E+00

1.54E-01

9.7854E-01

1.61E-01

1.0180E+00

Values for RKNs close to 100
Temperature
(K)
300
350
400
500
600

Pressure
(Pa)

RKN
(----)

1.25E+00

1.8635E+01

5.00E+01

7.4540E+02

1.25E+00

1.5321E+01

5.00E+01

6.1284E+02

1.25E+00

1.2967E+01

5.00E+01

5.1866E+02

1.25E+00

9.8630E+00

5.00E+01

3.9452E+02

1.25E+00

7.9221E+00

5.00E+01

3.1689E+02
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Table A.4-2. RKNs for Methane at Specific Pressures and Temperatures2, 3.
Values for RKNs close to 1
Temperature
(K)
300
350
400
500
600

Values for RKNs close to 100

Pressure
(Pa)

RKN
(----)

4.86E-02

8.8902E-01

5.48E-02

1.0029E+00

6.10E-02

9.0786E-01

6.73E-02

1.0005E+00

7.97E-02

9.9481E-01

8.59E-02

1.0725E+00

1.05E-01

9.8162E-01

1.11E-01

1.0401E+00

1.30E-01

9.6909E-01

1.36E-01

1.0157E+00

Temperature
(K)
300
350
400
500
600

Pressure
(Pa)

RKN
(----)

1.25E+00

2.2877E+01

5.00E+01

9.1510E+02

1.25E+00

1.8595E+01

5.00E+01

7.4379E+02

1.25E+00

1.5602E+01

5.00E+01

6.2410E+02

1.25E+00

1.1731E+01

5.00E+01

4.6923E+02

1.25E+00

9.3541E+00

5.00E+01

3.7417E+02

Each pressure datum for air or methane corresponding to RKN of 1 or 100 is
determined from Tables A.4-1 and A.4-2 via the double interpolation method, Equation
A.4-1, at a specified temperature. Where Px is the pressure at the desired value of RKN,
RKNx, in Pa at a specified temperature. P1 and P2 are pressures above and below Px in
Pa at a specified temperature. RKN 1 and RKN2 are the RKNs at P1 and P2 at a specified
temperature4.

𝑃𝑥 = 𝑃1 +

(𝑃2 −𝑃1 )(𝑅𝐾𝑁𝑥 −𝑅𝐾𝑁1 )
𝑅𝐾𝑁2 −𝑅𝐾𝑁1

[Eq A.4-1]

The flow regime curves in Figure 3.3.2.3-1 are plots of the same RKNs dataset for
air and methane, Table A.4-3 and A.4-4. However, each datum of pressure in Figure
3.3.2.3-1 was presented in logarithmic scale for coherency purposes.
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Table A.4-3. Data of Flow Regime Curves for Air Inside an ECR-MW-CVD System (L =
0.1016 m).
RKN = 1

RKN = 100

Temperature
(K)

Pressure
(Pa)

Pressure
(Pa)

300

6.71E-02

6.71E+00

350

8.16E-02

8.16E+00

400

9.64E-02

9.64E+00

500

1.27E-01

1.27E+01

600

1.58E-01

1.58E+01

Table A.4-4. Data of Flow Regime Curves for Methane Inside an ECR-MW-CVD System
(L = 0.1016 m).
RKN = 1

RKN = 100

Temperature
(K)

Pressure
(Pa)

Pressure
(Pa)

300

5.46E-02

5.46E+00

350

6.72E-02

6.72E+00

400

8.01E-02

8.01E+00

500

1.07E-01

1.07E+01

600

1.34E-01

1.34E+01
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Appendix B
Determination of the Density of Hydrocarbon Films and Silicon Substrates of Different
Sizes

B.1. About Appendix B

Appendix B explains how Figure 3.5.2-1 was created. Appendix B starts by
defining density, substrate density, and film’s density and ends by discussing how the
densities of substrates of different sizes were determined.

B.2. Density

Generally speaking, the density of a solid is defined as the ratio between the solid’s
mass and its volume. Likewise, the density of a substrate, Equation B.2-1, is the ratio of
the substrate’s mass over its volume. In a similar way, the density of a film, Equation B.22, is the ratio between the film’s mass and its volume1, 2.

𝑀𝑒𝑎𝑛 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝜌𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 𝑀𝑒𝑎𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

[Eq. B.2-1]
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𝜌𝐹𝑖𝑙𝑚 =

𝑀𝑒𝑎𝑛 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝐹𝑖𝑙𝑚
𝑀𝑒𝑎𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝐹𝑖𝑙𝑚

[Eq. B.2-2]

In the case of this study, density has typical units of g/cm3 or kg/m3. Also, note that
the density of films can not be determined unless the density of the substrate is known.
One should know the exact value of the substrate density used prior deposit films on them
with certainty.

B.3. Determination of the Density of Silicon Substrates of Different Sizes

Figure 3.5.2-1 of this manuscript presented the calibration curves used to know
the density of silicon substrates of different sizes. Table B.3-1 shows the width and length
of the substrates measured using a pair of calipers with 0.01 mm of resolution3. The areas
of Table B.3.1 were calculated by multiplying the length and width of the substrates. The
thickness of the substrates provided by their manufacturer, but also confirmed via
scanning electron microscopy (SEM)4 to be 0.38 mm nominal5 as shown in Figure 3.5.11. The substrate volume reported in Table A.3-1 is the dot product of the substrate’s area
and the substrate’s thickness.

The mass of the substrate for each substrate area is shown in Table B.3-2. The
first measurement is the area of the substrate; the three consecutive measurements are
the masses of each substrate collected three times individually and at different times to
ensure that no substrate has lost mass after these were machined 6, 7 — a procedure
described in Section 3.5.
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Table B.3-1. Dimensions, nominal areas, and volumes of the substrates used in the
study. The nominal thickness of each substrate was 0.38 mm
Length
(mm)
2
3
4
5
6
7
8

Width
(mm)
2
3
4
5
6
7
8

Area
(mm2)
4
9
16
25
36
49
64

| 5, 8

.

Volume
(cm3)

1.520E-03
3.420E-03
6.080E-03
9.500E-03
1.368E-02
1.862E-02
2.432E-02

Table B.3-2. Nominal areas and individual masses of the substrates used in the study.
Area
(mm2)
4
9
16
25
36
49
64

Mass 1
(mg)

Mass 2
(mg)

Mass 3
(mg)

3.4444
7.8284
13.9921
21.9020
31.5999
43.0176
56.4623

3.4443
7.8285
13.9923
21.9020
31.5995
43.0177
56.4623

3.4444
7.8285
13.9920
21.9021
31.5996
43.0178
56.4623

Table B.3-3 shows the masses of each substrate for different areas as plotted in
Figure 3.5.2-1 d). The mean or average mass of the substrate was determined by dividing
the sum of masses 1, 2, and 3 reported on Table B.3-2 by three.

Table B.3-4 shows the densities and accuracy percentages for each substrate as
plotted in Figures 3.5.2-1 b) and c) respectively. The density of the substrates is
determined by using Equation B.2-1. The accuracy percentage was calculated as one
hundred minus the absolute value of the percentage of difference between the actual and
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theoretical density of the substrate. Where the theoretical value of the substrate
recommended by the manufacturers was 2.329 g/cm 3

| 5, 8

.

Table B.3-3. Nominal areas, mean masses, and mass-standard deviations of the
substrates used in the study2.
Area
(mm2)

Mean Mass
(mg)

Mass Standard
Deviation
(mg)

4
9
16
25
36
49
64

3.4444
7.8285
13.9921
21.9020
31.5997
43.0177
56.4623

5.7735E-05
5.7735E-05
1.5275E-04
5.7735E-05
2.0817E-04
1.0000E-04
0.0000E+00

Table B.3-4. Nominal areas, mean densities, and accuracy percentages of the
substrates used in the study. The theoretical value of density for silicon substrates is
2.329 g/cm3 | 2, 5 – 8.
Area
(mm2)
4
9
16
25
36
49
64

Mean Density
(g/cm3)

Accuracy
(%)

2.266
2.289
2.301
2.305
2.310
2.310
2.322

97.30
98.28
98.81
98.99
99.18
99.20
99.68
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Appendix C
Matching Ellipsometry Data using Cauchy’s Layer Model by Means of the Mean Squared
Error (MSE) Statistical Approximation Method

C.1. About Appendix C

Appendix C introduces the Cauchy’s layer model and discusses its implication
concerning the ellipsometry data presented in Section 3.5.4. It includes pertinent
explanations about the estimated mean thicknesses, the incidence angle of light coming
through the film, and the mean squared error, in degrees, of films deposited at different
powers1.

C.2. The Cauchy’s Layer Model

The Cauchy’s layer model, Equation C.2-1, is one of the simplest models for
estimating the refractive index of a film n(𝜆) at a specific wavelength 𝜆. A, B, and C are the
first, second, and third constant coefficients of that model1, 2.

n(λ) = 𝐴 +

𝐵
𝜆2

+

𝐶
𝜆4

[Eq. C.2-1]
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The Cauchy’s layer model considers that the light passes straight through a film
at a constant angle, which usually is between 30 and 120 degrees. That only could happen
if the morphology of the films is a perfect monolayer, which is not the case for hydrocarbon
films. However, one can estimate the refractive index of a film using the Cauchy’s layer
model and an ellipsometer using a software that has the statistical minimization method
integrated to its interface whenever one knows the exact film’s thickness1 – 4.

C.3. Matching Up the Mean Thickness of Film Grown at Different Powers, and the
Cauchy’s Layer Model via the Mean Squared Error (MSE) Method

In the study, the Cauchy’s layer model was fit to the films’ mean thicknesses at
each power. These results are summarized in Tables C.3-1 and C.3-2. The constant
coefficients for the Cauchy’s layer model — A, B, and C — shown in Table C.3-1 were
obtained using the mean squared error (MSE) statistical method. The data was taken
using setting light at a wavelength, 𝜆, to 0.533 µm to replicate the effect of light coming
from lasers used in laser fusion experiments 5, 6 at an incidence angle of 75.5º. The films’
mean thicknesses and angle of incident light shown in Table C.3-2 were estimated as
described in Section 3.5.4.
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Table C.3-1. Cauchy’s layers model constant coefficients for films deposited at different
powers. Each deposition was done in 1d using 4 Pa of methane.
Power (W)
100
200
350
500
650

A (----)
1.44
1.21
1.40
1.52
1.65

B (µm2)
+0.0351
+0.1480
+0.1020
–0.0351
+0.0631

C (µm4)
–0.00327
–0.01800
–0.01390
+0.00634
–0.00562

Table C.3-2. Mean thicknesses and mean squared error (MSE) values for films
deposited at different powers. Each deposition was done in 1d using 4 Pa of methane.
Power (W)
100
200
350
500
650

Thickness (µm)
4.3
4.2
6.2
9.8
5.2

MSE (º)
26.8
58.6
14.3
10.1
41.8

The outcomes shown in Table C.3-2 have an estimated accuracy of 70% or higher 1
–4

. Note that such percentage is acceptable considering the complexity of hydrocarbon

films matrixes, which do not allow the light to pass straight through the films at a constant
angle. Such complexity can be noticed by observing the MSE in degree, or º, on Table
C.3-2, which translates as the angular estimation error of 0º for those films in which light
can get through at a constant angle. Nonetheless and consistently with what is shown in
Figure 3.5.4-1, the MSEs reported in Table C.3-2 were higher because hydrocarbon films
have a complex microstructure and surface chemistry that impedes the straight passage
of light within their surface1 – 4, 7.
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Appendix D
Illustrating the Use of the Integration and Peak Area Measurement Method to Determine
the Fractions of Carbon sp, sp2, and sp3 Hybridized Bonds in a Hydrocarbon Film
Sample Using Raman Spectroscopy

D.1. About Appendix D

Appendix D shows how data obtained using Raman spectroscopy in Figure 3.5.43 b) is processed to get the percentages of carbon sp, sp 2, and sp3 hybridized bonds
shown in Figure 3.5.4-4. The procedure is illustrated for a hydrocarbon film sample
prepared via electron cyclotron resonance – microwave – chemical vapor deposition
(ECR-MW-CVD) in 1d at 200 W using 4 Pa of methane.

D.2. Using Raman Spectroscopy to Determine the Amount of Carbon sp, sp2, and sp3
Hybridized Bonds in Hydrocarbon Films Samples

Raman spectroscopy is a complementary technique that can observe bond
interactions in a sample up to 1-mm depth resolution1 – 3. Like gas chromatography4,
Raman spectroscopy allows the analyst to know when the molecular species in a sample

156

are segregated or interbreed. However, Raman spectroscopy can analyze in a nondestructive way2, 3.

Because Raman is a complementary analysis technique, its results should parallel
with observations from techniques such as x-ray photoelectron spectroscopy (XPS)5 or
grazing-angle Fourier transform infrared (FTIR) spectroscopy6, as was shown in Figure
3.5.4-32, 3. Otherwise, the analyst should conclude that the information from those Raman
spectrographs is inconclusive.

The main reason to complement the data from the Raman spectrograph with
observations from FTIR spectroscopy is the resolution depth of the FTIR spectroscopy,
which is in the range of micrometers3, 7 – 10. In short, the analyst can scan the chemical
species in the surface of the films using FTIR spectroscopy and can scan their
correspondence to the species forming the matrix of the film at a one-millimeter depth of
resolution using Raman spectroscopy.

Therefore, the analyst must use Raman spectroscopy to quantify the fraction of
carbon sp, sp2, and sp3 hybridized bonds. Note that Raman scattering interactions are
weak but travel longer than IR scattering interactions. That is why the detection of Raman
signals allows the analyst to detect species located deeper inside the matrix of
hydrocarbon film3, 7, 8, 10.

The following section illustrates one method used to quantify the fraction of carbon
sp, sp2, and sp3 hybridized bonds in samples using Raman spectroscopy. The method is
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known as the integration and peak area measurement method, and it is one of the oldest
and simplest methods used by scientists around the world.

D.3. The Integration and Peak Area Measurement Method

The integration and peak area measurement method is a mathematical procedure
used to determine the area of a selected peak in a spectrograph11, 12. This method is
convenient, analytical, and can be simplified using simple geometrical functions. Its
mathematical functions of common use are the area of a triangle (Equation D.3-1) and the
area of a square (Equation D.3-2)13. Where H in Equations D.3-1, and D.3-2 is the height
of the triangle or the square, but W is the triangle's base or the width of the square. The
total area of the peak is the sum of the regions constituting that peak.

𝐴 𝑇𝑟𝑖𝑎𝑛𝑔𝑙𝑒 =

1
2

𝐻𝑥𝑊

𝐴𝑆𝑞𝑢𝑎𝑟𝑒 = 𝐻 𝑥 𝑊

[Eq. D.3-1]

[Eq. D.3-2]

The total area, AT, is calculated using Equation D.3-3. Where Asp, Asp2, and Asp3
are the areas related to peaks for species that have carbon sp, sp2, and sp3 hybridized
bonds in a hydrocarbon film sample.

𝐴 𝑇 = 𝐴𝑠𝑝 + 𝐴𝑠𝑝2 + 𝐴𝑠𝑝3

[Eq. D.3-3]
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The fraction of carbon sp, sp2, and sp3 hybridized bonds in a hydrocarbon film
sample is obtained using Equations D.3-4, D.3-5, and D.3-6. Hydrocarbon films are
chimerical substances, and their carbon atoms can be part of species with complex
molecular structures14. Therefore, in the specific case of hydrocarbon films, the
determination of the fractions of carbon sp, sp2, and sp3 hybridized bonds is inclusive for
all peaks in the spectrograph.

𝐹𝑠𝑝 =

𝐴𝑠𝑝
𝐴𝑇

𝐹𝑠𝑝2 =

𝐹𝑠𝑝3 =

𝐴𝑠𝑝2
𝐴𝑇

𝐴𝑠𝑝3
𝐴𝑇

[Eq. D.3-4]

[Eq. D-3.5]

[Eq. D.3-6]

The following section illustrates the use of the integration and peak area
measurement method to analyze the data of Raman spectrographs of a hydrocarbon film
sample prepared via electron cyclotron resonance – microwave – chemical vapor
deposition (ECR-MW-CVD) in 1d at 200 W using 4 Pa of methane. The details concerning
the following section can be corroborated with the results shown in Figure 3.5.4-3 and with
the second column from left to right in Figure 3.5.4-4.
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D.4. Illustrating the Use of the Integration and Peak Area Measurement Method for the
Case in which a Hydrocarbon Film Sample is Prepared via ECR-MW-CVD in 1d at
200 W using 4 Pa of Methane

Before starting the analysis, the analyst should identify the boundaries of carbon
sp, sp2, and sp3 hybridized bonds in the spectrograph, as shown in Figure 3.5.4-3 b).
When doing that, the analyst must count each peak in the spectrograph as one
independent peak is regardless of if the peak in question is merged with other peaks.

The next step is to analyze the selected spectrograph, as is shown in Figure D.41. Each roman number in Figure D.4-1: I, II, III, etc., demarcates a small area section
inside the area of the selected peak using a triangle or square. The total area of each peak
is the sum of the area of the geometrical shapes representing it in Figure D.4-1.

For this specific analysis, Figure D.4-1 a) shows the one peak corresponding to
carbon sp hybridized bonds divided into three geometrical shapes: two triangles and one
square. Figures D.4-1 b) and c) shows two peaks that correspond to species with carbon
sp2 hybridized bonds where the peak of Figure D.4-1 b) is divided into three geometrical
shapes: two triangles and one square, but the peak of Figure D.4-1 c) is split into two
triangles. Figure D.4-1 d) shows a peak corresponding to species having carbon sp 3
hybridized bonds divided into four geometrical shapes: two triangles and two squares.
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Figure D.4-1. Raman peaks identified according to the integration and peak area
measurement method12, 13, 15 for a spectrograph of hydrocarbon film sample prepared via
ECR-MW-CVD in 1d, at 200 W using 4 Pa of methane. The horizontal dashed lines
demarcate the boundary between carbon sp 3, sp2, and sp hybridized bonds. The vertical
dashed line demarcates the scale of five points in the peaks’ intensity. The roman
numbers designate the elements — shapes traced by gray lines — under each peak.
The blank was cyclohexane at 17ºC 3.

The heights, widths, and areas per shape in Figure D.4-1 are summarized in
Tables D.4-1 D.4-2, D.4-3, and D.4-4. Note that the height and width of each geometrical
shape were measured in points, or pts; therefore, the area of each geometrical shape is
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points square or pts2. The heights and widths are measured employing software, and the
areas are calculated using Equations D.3-1 and D.3-2.

Table D.4-1. Observations on the geometrical shapes for the peak in Figure D.4-1 a).
Element

Shape

Height (pts)

I
II
II

Triangle
Triangle
Square

29
146
115

Width/Base
(pts)
28
117
28

Area (pts2)
406.0
8,541.0
3,220.0

Table D.4-2. Observations on the geometrical shapes for the peak in Figure D.4-1 b).
Element

Shape

Height (pts)

I
II
II

Triangle
Triangle
Square

90
127
38

Width/Base
(pts)
104
117
100

Area (pts2)
4,680.0
7,429.5
3,800.0

Table D.4-3. Observations on the geometrical shapes for the peak in Figure D.4-1 c).
Element

Shape

Height (pts)

I
II

Triangle
Triangle

96
97

Width/Base
(pts)
110
155

Area (pts2)
5,280.0
7,517.5

Table D.4-4. Observations on the geometrical shapes for the peak in Figure D.4-1 d).
Element

Shape

Height (pts)

I
II
II
IV

Triangle
Triangle
Square
Square

40
55
33
17

Width/Base
(pts)
52
249
49
251

Area (pts2)
1,040.0
6,847.5
1,617.0
4,267.0

Table D.4-5 summarizes the equivalent areas for peaks corresponding to the
carbon sp, sp2, and sp3 hybridized bonds. Where the second column of Table D.4-5
indicates which figure is analyzed, the third column of Table D.4-5 the area below each
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peak, the fourth column shows the area correspondent to each carbon hybridized group,
and the fifth column corresponds to the total area calculated using Equation D.3-3.

Table D.4-5. Summary of areas observed in Figure D.4-1.
Bonds

Figure

C sp

D.4-1 a)
D.4-1 b)
D.4-1 c)
D.4-1 d)

C sp2
C sp3

Area below
the Peak
(pts2)
12,167.0
15,909.5
12,797.5
13,771.5

Total Area of
Bonds per
Group (pts2)
12,167.0

Grant
Total Area
(pts2)

28,707.0

54,645.5

13,771.5

The fractions of carbon sp, sp2, and sp3 hybridized bonds are determined dividing
the area in the fourth column of Table D.4-5 by the area of the fifth column of Table D.4-5
as is indicated in Equations D.3-4, D.3-5, and D.4-6. By doing this, the analyst should
conclude that a hydrocarbon film sample Fsp, Fsp2, and Fsp3 are equal to 0.2227, 0.5253,
and 0.2520, respectively.

D.5. References

01. Raman spectroscopy. San Francisco (CA), United States of America: Wikipedia;
c2021 [accessed 2021 September 22]. https://en.wikipedia.org/wiki/Raman_spectroscopy.
02. What is Raman Spectroscopy? Ann Arbor (MI), United States of America: HORIBA
Inc.; c2021 [accessed 2021 September 22]. https://www.horiba.com/en_-en/ramanimaging-and-spectroscopy/.

163

03. Lewis IR, Edwards H. Handbook of Raman Spectroscopy: From the Research
Laboratory to the Process Line (Practice Spectroscopy). 1st Ed. New York (NY), United
States of America: CRC Press, Inc.; 2001.
04. McNair HM, Miller JM. Basic Gas Chromatography. 2nd Ed. Hoboken (NJ), United
States of America: Wiley-Interscience, Inc.; 2009.
05. “AXIS UltraDLD Operation Manual,” Ref. 39-306 Rev. 4, Manchester, U.K., p. 330,
Kratos Analytical, Ltd. (2009).
06. “HYPERION 1000 User Manual,” Ettlingen, Germany, p. 103, BRUKER OPTIK GmbH
(2003).
07. Raman and FTIR Spectroscopy. Michoacán (MA), United States of America:
ThermoFisher Scientific Inc.; c2021 [accessed 2021 September 22]. https://assets.thermofisher.com/TFS-Assets/CAD/Application-Notes/Raman-FTIR-TechNote-Final.pdf.
08. Comparison of Raman and FTIR Spectroscopy: Advantages and Limitations. Gibsonia
(PA), United States of America: Gateway Analytical LLC.; c2021 [accessed 2021
September 22]. https://www.gatewayanalytical.com/resources/p-ublications/comparisonraman-and-ftir-spectroscopy-advantages-and-limitations/.
09. Moore E (Editor). Fourier Transform Infrared Spectroscopy (FTIR): Methods, Analysis
and Research Insights [Chemical Engineering Methods and Technology]. London, United
Kingdom: Nova Science Publications, Inc.; 2016.
10. Griffiths PR, De Haseth JA, Winefordner JD. Fourier Transform Infrared Spectrometry.
2nd Ed. Hobonken (NJ), United States of America: Wiley-Interscience, Inc.; 2007.
11. FAUST B. Modern Chemical Techniques: An Essential Reference for Students and
Teachers, 3rd Ed., p. 192, London, United Kingdom: The Royal Society of Chemistry;
1992.

164

12. Integration and Peak Area Measurement. College Park (MD), United States of
America: University of Maryland; c2020 [accessed 2021 April 26]. https://terpconnect.umd.edu/~toh/spectrum/Integration.html.
13. Jacobs HR. Geometry: Seeing, Doing, Understanding. 3rd Ed. Green Forest (AR),
United States of America: Mater Books®; 2017.
14. Pouch JJ, Alteravitz SA. Properties and Characterization of Amorphous Carbon Films.
Brookfield (VT), United States of America: Trans Tech Publications Ltd.; 1990.
15. Keynote. Cupertino (CA), United States of America: Apple Inc.; c2021 [accessed 2021
April 26]. https://www.apple.com/keynote/.

165

Appendix E
Observations on Hydrocarbon Films Deposited at Different Times by means of Electron
Cyclotron Resonance – Microwave – Chemical Vapor Deposition (ECR-MW-CVD)

E.1. About Appendix E

Appendix E includes the data corresponding to the experiments discussed in
Section 4.2 — those experiments in which hydrocarbon films were deposited using 4 Pa
of methane adjusting the power of the electron cyclotron resonance – microwave (ECRMW) source to 200 and 500 W. Note that no external heating was provided to the
substrates prior, during, or after these experiments.

The placement of substrates I, II, III, and IV is shown in Figure 3.5-1. Substrates I
and II were used to measure the thickness of the films and determine the coating
uniformity of each deposition. Substrates II and III were used to determine the density and
toughness of the films. Substrate III was used to determine the roughness of the films.
Substrate IV was used to observe the refractive indices, colors, and translucencies of the
films.
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The acronym POV denotes the percentage of variance. The acronym StDev refers
to the standard deviation. The notation ‘——‘demarcates that the value remains
undetermined or that all measurements taken into consideration were equal to the average
arithmetic value. The acronym RMS stands for root means square. The acronym p-v
demarcates the distance from peak to valley in the film’s surface.

E.2. Observations on Hydrocarbon Films Deposited at Different Times Adjusting the
Power of the ECR-MW Source to 200 W

Table E.2-1. Summary of conditions used to deposit hydrocarbon films. Each film was
deposited at different times adjusting the power of the ECR-MW source to 200 W.
Time
18m
1hr
1d

Substrate
Temperature (ºC)
32
46
48

ECR-MW Source
Current (Amperes)
Voltage (Volts)
16.4
25.6
16.3
26.0
17.0
27.3

Table E.2-2. Coating uniformities of hydrocarbon films deposited on substrate II — the
piece used to determine the density of the film — at different times, adjusting the power
of the ECR-MW source to 200 W.
Time
18m
1hr
1d

Mean (nm)
172
1,107
4,076

Film’s Thickness
StDev (nm)
13
15
----

POV (%)
7.57
1.34
----
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Table E.2-3. Coating uniformities of hydrocarbon films deposited on substrate I — the
piece used to observe the film's toughness — at different times, adjusting the power of
the ECR-MW source to 200 W.
Time
18m
1hr
1d

Mean (nm)
183
1,057
4,179

Film’s Thickness
StDev (nm)
9
52
244

POV (%)
4.85
4.95
5.80

Table E.2-4. Percentages of difference between the thicknesses of hydrocarbon films
deposited on substrates I and II. Each deposition was done at different times, adjusting
the power of the ECR-MW source to 200W.
Time
18m
1hr
1d

Mean Thickness (nm)
Substrate II
Substrate I
172
183
1,107
1,057
4,076
4,179

Percentage of
Difference (%)
6.01
4.73
2.68

Table E.2-5. Roughnesses of hydrocarbon films deposited on substrate III. Each film
was deposited at different times, adjusting the power of the ECR-MW source to 200 W.
The area scanned was 100 µm2.
Time
18m
1hr
1d

Mean
3.317
7.163
0.323

Roughness (nm)
RMS
4.871
9.830
0.417

p-v
72.230
97.698
11.929

Table E.2-6. Roughnesses of hydrocarbon films deposited on substrate III. Each film
was deposited at different times, adjusting the power of the ECR-MW source to 200 W.
The area scanned was 10,000 µm2.
Time
18m
1hr
1d

Mean
48.928
14.445
0.873

Roughness (nm)
RMS
63.609
24.905
3.447

p-v
1,200.339
610.778
196.250
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E.3. Observations on Hydrocarbon Films Deposited at Different Times Adjusting the
Power of the ECR-MW Source to 500 W

Table E.3-1. Summary of conditions used to deposit hydrocarbon films. Each film was
deposited at different times, adjusting the power of the ECR-MW source to 500 W.
Time
18m
1hr
1d

Substrate
Temperature (ºC)
47
90
79

ECR-MW Source
Current (Amperes)
Voltage (Volts)
16.8
25.6
16.5
26.5
16.8
26.9

Table E.3-2. Coating uniformities of hydrocarbon films deposited on substrate II — the
piece used to determine the density of the film — at different times, adjusting the power
of the ECR-MW source to 500 W.
Time
18m
1hr
1d

Mean (nm)
248
6,346
9,766

Film’s Thickness
StDev (nm)
----------

POV (%)
----------

Table E.3-3. Coating uniformities of hydrocarbon films deposited on the substrate I —
the piece used to observe the film's toughness — at different times, adjusting the power
of the ECR-MW source to 500 W.
Time
18m
1hr
1d

Mean (nm)
248
6,465
9,843

Film’s Thickness
StDev (nm)
12
263
109

POV (%)
4.90
4.07
1.10
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Table E.3-4. Percentages of difference between the thicknesses of hydrocarbon films
deposited on substrates I and II. Each deposition was done at different times adjusting
the power of the ECR-MW source to 500W.
Time
18m
1hr
1d

Mean Thickness (nm)
Substrate II
Substrate I
248
248
6,346
6,465
9,766
9,843

Percentage of
Difference (%)
0.00
1.84
0.78

Table E.3-5. Roughnesses of hydrocarbon films deposited on substrate III. Each film
was deposited at different times, adjusting the power of the ECR-MW source to 500 W.
The area scanned was 100 µm2.
Time
18m
1hr
1d

Mean
3.690
13.026
2.048

Roughness (nm)
RMS
4.707
16.697
3.801

p-v
45.121
114.164
55.839

Table E.3-6. Roughnesses of hydrocarbon films deposited on substrate III. Each film
was deposited at different times, adjusting the power of the ECR-MW source to 500 W.
The area scanned was 10,000 µm2.
Time
18m
1hr
1d

Mean
5.405
23.694
2.243

Roughness (nm)
RMS
10.222
35.286
6.624

p-v
273.003
467.480
283.604
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E.4. Observations on Hydrocarbon Films Deposited at Different Times Adjusting the
Power of the ECR-MW Source at 200 and 500 W

Table E.4-1. Average densities of hydrocarbon films deposited at 200 and 500.
Densities were calculated using Equation B.2-2.
Time
18m
1hr
1d

Density (g/cm3)
Deposited at 200 W
Deposition at 500 W
0.1
1.0
1.2
1.3
1.7
1.1

Table E.4-2. The toughness of hydrocarbon films deposited at 200 and 500 W
determined using nano-indentation as described in Section 3.5.3.
Time
18m
1hr
1d

Stress (GPa)
200 W
500 W
179.8
69.2
6.1
7.6
5.5
5.7

Hardness (GPa)
200 W
500 W
12.1
2.1
0.3
0.7
0.4
0.4
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Appendix F
Observations on Hydrocarbon Films Deposited Adjusting the Electron Cyclotron
Resonance – Microwave (ECR-MW) Source to Different Powers

F.1. About Appendix F

Appendix F presents the data corresponding to the experiments presented in
Sections 4.3 and 4.3.1 — those experiments in which hydrocarbon films were deposited
adjusting the electron cyclotron resonance – microwave (ECR-MW) source to different
powers. Each deposition was done in 1d using 4 Pa of methane. Note that no external
heating was provided to the substrates prior, during, or after these experiments.

The placement of substrates I, II, III, and IV is shown in Figure 3.5-1. Substrates I
and II were used to measure the thickness of the films and determine the coating
uniformity of each deposition. Substrates II and III were used to determine the density and
toughness of the films. Substrate III was used to determine the roughness of the films.
Substrate IV was used to observe the refractive indices, colors, and translucencies of the
films.
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The acronym POV denotes the percentage of variance. The acronym StDev refers
to the standard deviation. The notation ‘——‘demarcates that the value remains
undetermined or that all measurements taken into consideration were equal to the average
arithmetic value. The acronym RMS stands for root means square. The acronym p-v
demarcates the distance from peak to valley in the film’s surface.

F.2. Observations on Hydrocarbon Films Deposited Adjusting the ECR-MW Source to
Different Powers

Table F.2-1. Summary of operational conditions used to deposit hydrocarbon films at
different powers.
Power (W)
100
200
350
500
650

Substrate
Temperature (ºC)
42
48
61
79
95

ECR-MW Source
Current (Amperes)
Voltage (Volts)
16.0
25.2
17.0
27.3
16.9
27.2
16.8
26.9
16.8
20.2

Table F.2-2. Coating uniformities of hydrocarbon films deposited on substrate II — the
piece used to determine the density of the film — at different powers.
Power (W)
100
200
350
500
650

Mean (nm)
4,146
4,067
6,164
9,766
5,100

Film’s Thickness
StDev (nm)
42
---64
-------

POV (%)
1.0
---1.0
-------

173

Table F.2-3. Coating uniformities of hydrocarbon films deposited on substrate I — the
piece used to observe the toughness of the film — at different powers.
Power (W)
100
200
350
500
650

Mean (nm)
4,279
4,179
6,185
9,843
5,241

Film’s Thickness
StDev (nm)
289
244
84
109
128

POV (%)
6.8
5.8
1.4
1.1
2.4

Table F.2-4. Percentages of difference between the thicknesses of hydrocarbon films
deposited at different powers on substrates I and II.
Power (W)
100
200
350
500
650

Mean Thickness (nm)
Substrate II
Substrate I
4,146
4,279
4,067
4,179
6,164
6,185
9,766
9,843
5,100
5,241

Percentage of
Difference (%)
3.11
2.68
0.34
0.78
2.69

Table F.2-5. Densities and toughness of hydrocarbon films deposited at different
powers.
Power (W)

Density (g/cm3)

100
200
350
500
650

1.8
1.7
1.5
1.1
1.1

Toughness
Stress (GPa)
Hardness (GPa)
5.2
0.4
5.5
0.4
6.6
0.5
5.7
0.4
6.9
0.5

Table F.2-6. Roughnesses of hydrocarbon films deposited at different powers on
substrate III. The area scanned was 100 µm 2.
Power (W)
100
200
350
500
650

Mean
1.448
0.323
0.705
2.048
1.076

Roughness (nm)
RMS
4.014
0.417
1.675
3.801
4.660

p-v
91.774
11.929
43.910
55.839
164.806
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Table F.2-7. Roughnesses of hydrocarbon films deposited at different powers on
substrate III. The area scanned was 10,000 µm 2.
Time
100
200
350
500
650

Mean
18.800
0.873
8.367
2.243
7.080

Roughness (nm)
RMS
68.000
3.447
29.748
6.624
26.700

p-v
1284.000
196.250
948.218
283.604
1641.000

Table F.2-8. Refractive indices, colors, and translucencies of hydrocarbon films
deposited at different powers on substrate IV.
Power (W)
100
200
350
500
650

Refractive
Index
1.44
1.21
1.41
1.52
1.65

Color

Translucency (%)

Blue Green
Green Yellow
Green Yellow
Green Yellow
Green Yellow

85
70
60
50
45

Table F.2-9. Percentages of carbon sp, sp2, and sp3 hybridized bonds in hydrocarbon
films deposited at different powers on substrate IV.
Power (W)
100
200
350
500
650

C sp
28.2
22.3
30.0
38.4
33.7

Percentage of Hybridized Bonds (%)
C sp2
C sp3
40.3
31.5
52.5
25.2
38.8
31.2
39.6
22.0
49.0
17.3
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Appendix G
Observations on Hydrocarbon Films Deposited Adjusting the Electron Cyclotron
Resonance – Microwave (ECR-MW) Source to Different Resistances

G.1. About Appendix G

Appendix G presents the data corresponding to the experiments presented in
Sections 4.3 and 4.3.2 — those experiments in which hydrocarbon films were deposited
adjusting the electron cyclotron resonance – microwave (ECR-MW) source to different
resistances. Each deposition was done in 1d, using 4 Pa of methane, and adjusting the
power of the ECR-MW source to 500 W. Note that no external heating was provided to
the substrates prior, during, or after these experiments.

The placement of substrates I, II, III, and IV is shown in Figure 3.5-1. Substrates I
and II were used to measure the thickness of the films and determine the coating
uniformity of each deposition. Substrates II and III were used to determine the density and
toughness of the films. Substrate III was used to determine the roughness of the films.
Substrate IV was used to observe the refractive indices, colors, and translucencies of the
films.
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The acronym POV denotes the percentage of variance. The acronym StDev refers
to the standard deviation. The notation ‘——‘demarcates that the value remains
undetermined or that all measurements taken into consideration were equal to the average
arithmetic value. The acronym RMS stands for root means square. The acronym p-v
demarcates the distance from peak to valley in the film’s surface.

G.2. Observations on Hydrocarbon Films Deposited Adjusting the ECR-MW Source to
Different Resistances

Table G.2-1. Summary of operational conditions used to deposit hydrocarbon films
adjusting the resistance of the ECR-MW source at different values.
Power (W)
1.58
1.60
1.69

Substrate
Temperature (ºC)
120
79
104

ECR-MW Source
Current (Amperes)
Voltage (Volts)
20.4
32.2
16.8
26.9
19.8
33.4

Table G.2-2. Coating uniformities of hydrocarbon films deposited on substrate II — the
piece used to determine the density of the film — by adjusting the ECR-MW source at
different resistances.
Resistance
(Ohms)
1.58
1.60
1.69

Mean (nm)
473
9,766
2,796

Film’s Thickness
StDev (nm)
------73

POV (%)
------2.62
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Table G.2-3. Coating uniformities of hydrocarbon films deposited on substrate I — the
piece used to observe the film's toughness — by adjusting the ECR-MW source at
different resistances.
Resistance
(Ohms)
1.58
1.60
1.69

Mean (nm)
469
9,843
374

Film’s Thickness
StDev (nm)
10
109
23

POV (%)
2.2
1.1
6.27

Table G.2-4. Percentages of difference between the thicknesses of hydrocarbon films
deposited on substrates I and II by adjusting the ECR-MW source at different
resistances.
Resistance
(Ohms)
1.58
1.60
1.69

Mean Thickness (nm)
Substrate II
Substrate I
473
469
9,766
9,843
2,796
374

Percentage of
Difference (%)
0.85
0.78
647.59

Table G.2-5. Roughnesses of hydrocarbon films deposited on substrate III by adjusting
the ECR-MW source at different resistances. The area scanned was 100 µm2.
Resistance
(Ohms)
1.58
1.60
1.69

Mean
0.809
2.048
10.825

Roughness (nm)
RMS
1.199
3.801
13.044

p-v
19.664
55.839
113.635

Table G.2-6. Roughnesses of hydrocarbon films deposited on substrate III by adjusting
the ECR-MW source at different resistances. The area scanned was 10,000 µm 2.
Resistance
(Ohms)
1.58
1.60
1.69

Mean
7.482
2.243
33.909

Roughness (nm)
RMS
9.486
6.624
69.694

p-v
154.382
283.604
709.301
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Table G.2-7. Densities and toughness of hydrocarbon films deposited by adjusting the
ECR-MW source at different resistances.
Resistance
(Ohms)
1.58
1.60
1.69

Density (g/cm3)
---1.1
0.1

Toughness
Stress (GPa)
Hardness (GPa)
------5.7
0.4
-------
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Appendix H
Observations on Hydrocarbon Films Deposited on Thermally Heated Substrates

H.1. About Appendix H

Appendix H presents the data corresponding to the experiments presented in
Sections 4.4 and 4.4.1 — those experiments in which hydrocarbon films were deposited
on thermally heated substrates. Each deposition was done adjusting the power of the
electron cyclotron resonance – microwave (ECR-MW) source to 500 W, at a total pressure
of 4 Pa, and at substrate temperatures of 90, 120, 200ºC.

The placement of substrates I, II, III, and IV is shown in Figure 3.5-1. Substrates I
and II were used to measure the thickness of the films and determine the coating
uniformity of each deposition. Substrates II and III were used to determine the density and
toughness of the films. Substrate III was used to determine the roughness of the films.
Substrate IV was used to observe the refractive indices, colors, and translucencies of the
films.
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The acronym POV denotes the percentage of variance. The acronym StDev refers
to the standard deviation. The notation ‘——‘demarcates that the value remains
undetermined or that all measurements taken into consideration were equal to the average
arithmetic value. The acronym RMS stands for root means square. The acronym p-v
demarcates the distance from peak to valley in the film’s surface.

H.2. Observations on Hydrocarbon Films Deposited on Thermally Heated Substrates

Table H.2-1. Summary of operational conditions used to deposit hydrocarbon films on
thermally heated substrates.
Substrate
Temperature
(ºC)
90
120
200

Flow Rate (sccm)
Time
6hrs
3hrs
1hr

Methane

Hydrogen

30
10
10

0
40
40

Table H.2-2. Coating uniformities of hydrocarbon films deposited on substrate II — the
piece used to determine the density of the film — on thermally heated substrates.
Substrate
Temperature (ºC)
90
120
200

Mean (nm)
6,346
2,675
----

Film’s Thickness
StDev (nm)
---52
----

POV (%)
---1.90
----

Table H.2-3. Coating uniformities of hydrocarbon films deposited on substrate I — the
piece used to observe the film's toughness — on thermally heated substrates.
Substrate
Temperature (ºC)
90
120
200

Mean (nm)
6,465
2,646
639

Film’s Thickness
StDev (nm)
263
199
44

POV (%)
4.07
7.50
6.80
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Table H.2-4. Percentages of difference between the thicknesses of hydrocarbon films
deposited on substrates I and II on thermally heated substrates.
Substrate
Temperature (ºC)
90
120
200

Mean Thickness (nm)
Substrate II
Substrate I
6,346
6,465
2,675
2,646
---639

Percentage of
Difference (%)
1.84
1.10
----

Table H.2-5. Roughnesses of hydrocarbon films deposited on substrate III on thermally
heated substrates. The area scanned was 100 µm 2.
Substrate
Temperature (ºC)
90
120
200

Mean
13.026
2.640
0.558

Roughness (nm)
RMS
16.697
5.201
0.865

p-v
114.164
134.868
14.281

Table H.2-6. Roughnesses of hydrocarbon films deposited on substrate III on thermally
heated substrates. The area scanned was 10,000 µm2.
Substrate
Temperature (ºC)
90
120
200

Mean
23.694
6.811
11.379

Roughness (nm)
RMS
35.286
10.677
20.804

p-v
467.480
798.324
451.852

Table H.2-7. Densities and toughness of hydrocarbon films deposited on thermally
heated substrates.
Substrate
Temperature (ºC)
90
120
200

Density (g/cm3)
1.3
-------

Toughness
Stress (GPa)
Hardness (GPa)
7.6
0.7
8.7
0.7
-------
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Appendix I
Observations on Hydrocarbon Films Deposited on Electrically Heated Substrates

I.1. About Appendix I

Appendix I presents the data corresponding to the experiments presented in
Sections 4.4 and 4.4.2 — those experiments in which hydrocarbon films were deposited
on electrically heated substrates. Each deposition was done in 6hrs, using 4 Pa of
methane, and biasing the substrates of –50, 0, +50 VDC.

The placement of substrates I, II, III, and IV is shown in Figure 3.5-1. Substrates I
and II were used to measure the thickness of the films and determine the coating
uniformity of each deposition. Substrates II and III were used to determine the density and
toughness of the films. Substrate III was used to determine the roughness of the films.
Substrate IV was used to observe the refractive indices, colors, and translucencies of the
films.

The acronym POV denotes the percentage of variance. The acronym StDev refers
to the standard deviation. The notation ‘——‘demarcates that the value remains
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undetermined or that all measurements taken into consideration were equal to the average
arithmetic value. The acronym RMS stands for root means square. The acronym p-v
demarcates the distance from peak to valley in the film’s surface.

I.2. Observations on Hydrocarbon Films Deposited on Electrically Heated Substrates

Table I.2-1. Summary of operational conditions used to deposit hydrocarbon films on
electrically heated substrates.
Substrate Bias
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC

Power (W)

Substrate
Temperature (ºC)

100

35

200

46

350

61

500

90

Table I.2-2. Coating uniformities of hydrocarbon films deposited on substrate II — the
piece used to determine the density of the film — on electrically heated substrates.
Substrate Bias
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC

Power (W)
100

200

350

500

Mean (nm)
1,193
325
396
776
1,107
1,269
5,093
5,001
4,687
4,142
6,346
7,757

Film’s Thickness
StDev (nm)
------------15
----------------------

POV (%)
------------1.34
----------------------
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Table I.2-3. Coating uniformities of hydrocarbon films deposited on substrate I — the
piece used to observe the toughness of the film — on electrically heated substrates.
Substrate Bias
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC

Power (W)
100

200

350

500

Mean (nm)
1,143
314
454
793
1,057
1,237
5,175
5,272
4,679
4,134
6,465
7,720

Film’s Thickness
StDev (nm)
34
7
51
2
52
38
115
159
157
5
263
149

POV (%)
2.95
2.28
11.26
0.25
4.95
3.04
2.22
3.01
3.36
0.11
4.07
1.93

Table I.2-4. Percentages of difference between the thicknesses of hydrocarbon films
deposited on substrates I and II on electrically heated substrates.
Substrate Bias
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC

Power (W)
100

200

350

500

Mean Thickness (nm)
Substrate II
Substrate I
1,193
1,143
325
314
396
454
776
793
1,107
1,057
1,269
1,237
5,093
5,175
5,001
5,272
4,687
4,679
4,142
4,134
6,346
6,465
7,757
7,720

Percentage of
Difference (%)
4.37
3.50
12.33
2.14
4.73
2.59
1.58
5.14
0.17
0.19
1.84
0.48
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Table I.2-5. Roughnesses of hydrocarbon films deposited on substrate III on electrically
heated substrates. The area scanned was 100 µm 2.
Substrate Bias
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC

Power (W)
100

500

Mean
3.739
1.963
3.378
5.680
13.026
6.924

Roughness (nm)
RMS
5.086
4.475
5.282
7.153
16.697
9.831

p-v
62.885
103.541
150.177
55.291
114.164
142.983

Table I.2-6. Roughnesses of hydrocarbon films deposited on substrate III on electrically
heated substrates. The area scanned was 10,000 µm 2.
Substrate Bias
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC

Power (W)
100

500

Mean
128.000
124.000
290.000
13.763
23.694
96.100

Roughness (nm)
RMS
201.000
171.000
432.000
28.485
36.286
171.000

p-v
2,852.000
3,252.000
3,415.000
653.563
467.480
2,205.000

Table I.2-7. Densities and toughness of hydrocarbon films deposited on electrically
heated substrates.
Substrate Bias
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC
– 50 VDC
0 VDC
+ 50 VDC

Power (W)
100

200

350

500

Density
(g/cm3)
0.5
1.1
1.1
1.2
1.2
0.9
1.3
1.0
1.2
1.3
1.3
1.2

Toughness
Stress (GPa)
Hardness (GPa)
------------------------6.1
0.3
9.6
0.4
------------10.7
0.8
------7.6
0.7
7.9
0.7
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Glossary of Terms

A
Ambipolar-state: Condition created by the coexistence of species with opposite
characteristics. In the simplest scenario, the ambipolar-state of a vapor deposition
event is the condition created by the coexistence of electrons and positive ions.
Ambipolar Diffusion: A phenomenon in which species of opposite characteristics interact
without reacting inside the plasma due to the presence of an electric field.
Amorphous: Not having determined form or shape.
Analysis: The stage that goes after the mathematization stage and before the integration
stage in the study of the ambipolar-state of an event. The stage in which a detailed
examination of the ambipolar-state of an event occurs.
Apparatus: The conjoin of tools adapted as a means to some end.
Atomic Transfer Phenomena: Combination of desorption, diffusion, and nucleation
processes happening in the formation or disintegration of a film in a vapor
deposition environment.
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Glossary of Terms (Continue)

C
Capsule: Concerning this manuscript, a manufactured spherical-shaped case used to hold
fuel.
Character: The sum of properties, characteristics, or behaviors that defines the outcomes,
observations, or events of a system, method, or process.
Characteristic Length: Dimension used to define the scale or to predict the characteristics
of a system, usually expressed in units of distance. This length could be described
in one, two, or three dimensions.
Chemistry: About the molecular properties of a substance.
Coarsened: Past tense of making coarsen or coarser. Used to indicate that something
was forced.
Coating Uniformity: Thickness uniformity of a film per unit of area.
Cohesive: Causing things to stick together.
Cohort: Group united in a joint event, happening, or environment.
Collisional Environment: Environment where multiple species are striking other species
randomly.
Collisional Frequency: Frequency at which multiple species collide against other species.
Color: Property that an object produces different sensations on a person’s eyes due to
how it reflects or emits light.
Concentration: Quantity of species in a defined area or volume.
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Glossary of Terms (Continue)

C (Continue)
Conductivity: Known as electrical conductivity. The degree to which a specified material
conducts electricity. A term commonly associated with the rate at which heat
passes through a specific material.
Control: The stage that goes after the integration stage in the study of the ambipolar-state
of an event in which there is the power to influence the ambipolar-state of that
event. The final stage for studying the ambipolar-state of an event.
Crystalline: Having properties such as morphology, color, or microstructure in common
with a crystal.
CVD: Chemical Vapor Deposition. A method in which a film is formed from the reaction of
gaseous species.
Cyclotron or Gyration Radius: Radius of gyration. Known as the Larmor radius. The radius
of the circular motion of a charged particle in the presence of a uniform magnetic
field.

D
Debye Length: Distance at which the net electrostatic effect between the species inside
the plasma is negligible.
Density: Not to be confused with the term ‘electron density.’ Quantity of mass per unit
volume.
Dependent Variable: A quantity that changes or varies in response to another quantity.
Depict: To describe or portray something.
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D (Continue)
Depiction: The stage in which the ambipolar-state of an event is depicted. The initial stage
for studying the ambipolar-state of an event.
Deposition: The process of putting down or depositing a film on a substrate.
Device: Not to be confused with the term ‘apparatus.’ A single part of something — that is
not a collection of tools — invented or fitted for a particular use or purpose.
Diffusion: The intermingling of species by their natural movement. A phenomenon
commonly used to describe the movement of species from a region of higher
concentration to a region of lower concentration.
Discrete: That has no continuous trend or results in the discreetness of an outcome,
observation, or event. One example is the discrete behavior of the ECR-MW-CVD
method of the ambipolar-state’s character exhibited through the observations on
the properties of hydrocarbon films grown for one day at different microwave
powers, which did not show a continuous trend concerning the microwave power.
Discriminant: That promotes the distinction between two or more outcomes, observations,
or events. One example is the discriminant behavior of the ECR-MW-CVD
ambipolar-state’s character exhibited through observing the properties of
hydrocarbon films grown at different microwave powers on electrically heated
substrates. In this case, the morphology and thickness of films were more
influenced by the microwave power at which these were grown rather than by the
amount or polarity of electrical heating added to the substrates.
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D (Continue)
Double Layer: Term used to describe the interphase formed by the interaction between
two plasma environments with different characteristics.
Drift: Driven by several things or events happening in a determined environment.

E
ECR: Electron Cyclotron Resonance. An effect in which an electron spins cyclonically at
the Gyroscope’s frequency, 2.45GHz.
Electric Field: Physical field surrounds and can exert force over an electrically charged
particle.
Electrical Ground: Refers to a wire that connects directly to Earth.
Electrically Grounded: That is intentionally connected to Earth through an electrical wire.
Electromagnetic Window: Apparatus that is transparent to a specific wavelength of the
electromagnetic spectrum.
Electron: In this manuscript, a tiny species within the plasma with a mass of 9.109 x 10−31
kg and an estimated radius of 10-18 m.
Electron Density: Amount of electrons per unit of volume typically expressed in e– / cm3
or e– / m3.
Electrophilic: Term used to refer to those atomic species that like electrons. Typically, but
not always, these are negatively or neutrally charged species or electrons.
Electrophobic: Refers to those species that tend not to like electrons. Typically, but not
always, these are positively or neutrally charged species.
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E (Continue)
Electrostatic Interactions: Attractive or repulsive interactions between electrically charged
species.
Elementary Charge Unit: The electric charge carried by a single proton. The magnitude of
the negative electric charge carried by a single electron. The unit is usually
indicated by the letter ‘e’ or the letter qe. and measured as 1.602176487 ±
0.000000040 x 10–19 coulombs. For example, an electron has a charge of –1e.
Empiric: Derived from the experience or experiments.
Energetic: Related to an environment full of energy.
Energy: The power derived from physical or chemical resources in a determined time. The
force exerted by chemical or physical means integrated into a unit of length.
Energy Transfer: To carry over or bright through energy.
Environment: The aggregate of conditions in which a thing coexists.
Etching: Removing the surface of something using acidic compounds, molecules, or
species or creating an acidic environment.
Event: A thing that happens in a planned or unwitting manner.
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F
Film: Not to be confused with the term ‘movie.’ Known as ‘thin coat’ since the 1570s. In
this manuscript, it is a material formed in a vapor deposition system that has a flat
shape or aspect to the naked eye.
Frank van der Merwe (FM) Growth Mechanism: A vapor deposition (VD) mechanism in
which a film forms as a stack of layers.
Frequency: The number of occurrences of a repeating event per unit of time measured in
Hertz. It is the reciprocal of a wave’s period.

G
Gas-substrate Interphase: Region of study situated between the gas and the substrate in
contact with it. Concerning this manuscript, the region where a film forms or
disintegrates.
Glow Discharge Polymer: Polymer created from the interaction of light and molecules.
Glow Discharge Polymerization: Process or processes in which a polymeric or nonpolymeric substance forms through the glow generated in a plasma environment.
Gravity: Fundamental force of attraction acting between objects.
Growth Mechanism: The process in which the films grow and their morphology evolve.
The three growth mechanisms discussed in this manuscript are the Vomer-Weber
(VW), the Frank van der Merwe (FM), and the Stranski-Krastanov (SK).
Gyroscope: A device consisting of a heavy rotating wheel with an axis free to turn in any
direction.
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H
Hardness: Quality or condition of being hard.
Hertz or Hz: One event per second or s–1.
HDR: Helical Discharge Resonation. A method in which plasma is generated injecting
waves at 13.56 MHz through the discharge of current.
Hydrocarbon: Consisting of carbon and hydrogen.
Hydrocarbon Films: Films formed from hydrocarbons.

I
Independent Variable: A quantity that can change independently.
Integration: Stage that goes after the analysis stage and before the control stage in the
study of the ambipolar-state of an event. This stage conciliates the information
obtained in the depiction, mathematization, and analysis stages of the ambipolarstate of an event more coherently.
Interphase: Region of study situated between two or more phases.
Ion: Atomic specie that can be positively or negatively charged.
Ion Energy: Not to be mistaken with the term ‘kinetic energy.’ The energy carried by an
ion.
Ionization: The process in which positive or negative ions are formed from neutrally
charged species.
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I (Continue)
Isotope: The alternative form of a specific element with the same number of protons but a
different number of neutrons in its nuclei.

L
Larmor Radius: The radius at which a charged specie moves along a helix concentrically
in respect to the magnetic field lines.
Laser Fusion Experiments: Experiments initially designed to produce the fusion of atomic
species by shutting lasers to a capsule directly or indirectly. Today experiments
are essential for understanding the interaction between high energy and matter on
a minuscule time scale.
Low Atomic Number Elements or Elements with Low Atomic Number: Term used in the
manuscript to refer to elements with atomic numbers equal to or less than 15.
Notice: other literature may use the same term to refer to elements or compounds
with an atomic number equal to or less than 119.

M
Magnetic Field: Refers to the vector or gradient that describes the magnetic influence on
moving electric charges, electric currents, or magnetic materials.
Mandrel: A piece of something used to hold or contain an object or a substance.
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Mathematization: The stage that goes immediately after the depiction stage in the study
of the ambipolar-state of an event. In this stage, the findings from the depiction
stage of the ambipolar-state of an event are expressed in their mathematical form.
Matrix: A thing in which something else was formed, created, or developed.
Mean Free Path: Average distance over which a moving particle or specie substantially
changes its direction or energy after interacting with other particles or species.
Mechanism: Term commonly used when referring to an established process. For example,
the term ‘Growth Mechanism’ should be used only when an established process
allows something to grow.
Method: A way of doing something.
Microstructure: Arrangement of different parts and features forming the surface of a
material.
Mixed Variable: A quantity that can be a dependent variable or an independent variable.
Model: Devise a representation — especially a mathematical one — of a phenomenon or
a system.
Morphology: The form or structural character of a material.
MW: Concerning this manuscript, refers to microwaves at a frequency of 2.45GHz.

N
Nature: The surroundings of something that defines its character.
Near Ambient Temperature: Temperature less than or equal to 200°C.
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Neutral Specie: A specie that does not assume a positive or negative charge.
Non-collisional Environment: Environment where species interact without colliding.

P
PA: Plasma Assisted. A term used to describe plasma formed by a radio-frequency
apparatus tuned at 13.56MHz.
Parameter Space: The space of possible parameter values that define a particular
mathematical, statistical, computational model.
Period: The amount of time that an event lasts. The reciprocal of a wave’s frequency.
Plasma: An ionized gas of neutral charge that consists of electrons, ions, and neutral
species.
Plasma Sheath: Known as Debye Sheath. Commonly defined as a layer in a plasma with
a greater density of positive ions – or positively charged species – that balances a
negative charge on the surface of a material with which it is in contact.
Plotted: Illustrated in a graphic form.
Process: A series of courses or methods of action of an event.
PVD: Physical Vapor Deposition. A method in which atomic species in the gas phase
combine to form films without chemically reacting.

R
Radical: A specie capable of exiting naturally with at least one impaired electron.
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Ratio: The quotient of two amounts.
Rayleigh-Taylor Induced Hydrodynamics: Known as Rayleigh-Taylor (RT) Instability. The
instability is caused when a lighter fluid pushes a heavier fluid.
Reciprocal Knudsen Number: Concerning this manuscript, the characteristic length of a
system divided by the mean free path of the gas inside it.
Redox: Known as reduction and oxidation. Process in which some species gain electrons
while some other species lose electrons.
Refractive Index: Known as ‘index of refraction’ in its singular form and as ‘refractive
indices’ in its plural form. The ratio of the speed of light on the vacuum to the light
in a medium of greater density.
Resistance: The reciprocal of conductivity. Opposition to the flow of electrons.
Resonance: The reinforcement or prolongation of a sound wave by the synchronous
vibration of a neighboring object.
Roughness: The quality or state of having an uneven or irregular surface.

S
Sheath: Protective covering provided by the conditions of an environment still undefined
for plasma environments.
Simulated: Reproduced or made to resemble, or to be made imitative in the action of a
character of something.
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S (Continue)
sp bond: Formally known as a triple covalent bond – in which – six electrons are shared
between two atoms.
sp2 bond: Formally known as a double covalent bond – in which – four electrons are shared
between two atoms.
sp3 bond: Formally known as a single covalent bond – in which – two electrons are shared
between two atoms.
Specie: Name used to refer to an atom, an electron, an ion, a molecule, or a radical.
State: Condition or situation of something or someone.
Stranski-Krastanov (SK) Growth Mechanism: A vapor deposition (VD) mechanism in
which a film forms by islands embedded in a stack of layers.
Stress: The pressure or tension that a material can stand without brake.
Substrate: A piece of material used to collect a hydrocarbon film and study its properties.
Susceptible: Behavior that can be altered by the fluctuation of the happenings in a vapor
deposition system by changing the independent variables. Regarding the study of
the ambipolar-state of ECR-MW-CVD as an event, it is the consequence of the
ECR-MW-CVD method ambipolar-state’s character being transient, discriminant,
and discrete.
Synthesis: Refers to the specific formation of something inside a system or process or by
a method.
System: Physical and functional embodiment constituted of multiple devices and
apparatuses.
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T
Technique: A practical method applied to some particular task.
Thick Film: A film with a thickness equal to or greater than 0.1 micrometers.
Thickens: Verb used to indicate that something is getting thicker.
Thickness: The state or quality of being thick. The broad – deep – part of a specified thing.
The distance between the opposite sides of something is measured parallel to its
surface.
Toughness: The state of quality of being strong against adverse conditions.
Transient: Behavior that results in the irreversible change of an outcome, observation, or
event regarding time. Not to be confused with the term ‘dynamic.’
Translucency: The physical property of a material that lets it pass light through itself
without having an appreciable scattering.

V
Vacuum Chamber: Apparatus used to evacuate and flow gases in a system.
Variable: Quantity that can vary in value.
VD: Vapor Deposition. Any system, process, or method in which atomic gas species
combine to form a film.
Vice Versa: The other way around.
Vomer-Weber (VW) Growth Mechanism: A vapor deposition (VD) mechanism in which a
film forms by the growth of islands that interbreed between themselves.
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