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CHAPTER ONE
Equation Chapter (Next) Section 1
Introduction
1.1 Plasma
One is usually taught in grade school that three states of matter exist: solid, liquid,
and gas. Students learn to identify a solid as something they can pick up or sit on that
retains its shape, a liquid as something they swim in or drink, and a gas as something they
exhale or breathe. As of 2010, five states of matter are known to exist, with plasma
commonly referred to as the fourth. The Bose-Einstein Condensate is the fifth, which
was theorized in 1924 by Bose and Einstein (Einstein, 1925) and recently confirmed by
Cornell, Ketterle, and Wieman (Ketterle et al., 2002).

Plasma is characterized by

energies high enough to ionize gas particles, whereas Bose-Einstein Condensate energies
are very near absolute zero (1x10-7 K).
Plasmas exhibit many of the characteristics of a gas, such as a lack of definite
shape or structure unless confined. Unlike a typical gas though, plasma can be influenced
by electromagnetic fields. This is due to the fact that a plasma is a gas containing a
certain percentage of ionized particles. Once the gas is ionized, even to a small degree,
the resulting free charge (electrons and ions) makes the plasma inductive.

If the

ionization rate is faster than the recombination rate of the ions and electrons, the plasma
is maintained (Gurnett et al., 2005). A few common uses for plasmas include: silicon
wafer etching, sheet metal cutting/etching, fusion, and medical sterilization. A few
readily apparent places plasmas are found include: the Aurora Borealis (Northern Lights),
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the Sun, Neon signs (which actually utilize a collection of gases including Neon), the
flame from a match, fluorescent lighting, or a flat-panel plasma television (Figure 1.1).

Figure 1.1: a) The sun exists in a plasma state (photo courtesy NASA.gov), b) plasma flat-panel display
television (photo courtesy Samsung.com), c) Aurora Borealis (photo courtesy NASA.gov), d) plasma state
of a burning match (photo courtesy Martin Kenny).

It is difficult to determine when the term ‘plasma’ was first identified. Many of
those who undertake explaining the history of plasma often choose to cite Aristotle (384
BC - 322 BC) and his representation of Earth, Water, Air and Fire as earthly elements
with their obvious relation to solids, liquids, gases, and plasmas, respectively (Shukla et
al., 2002). However, it was not until the latter part of the 19th century A.D. that physicist
William Crookes began experimenting with high voltage in evacuated gas chambers to
produce cathode rays (cathode rays are responsible for the images in tube television sets).
These gas chambers or tubes were known as Crooke’s tubes and paved the way for
physicists Wilhelm Conrad Röntgen and J.J. Thompson to receive the Nobel Prize in
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Physics in 1901, and 1906 respectively (nobelprize.org). Röntgen used the Crookes tube
to discover X-rays in 1895 and was awarded the prize "in recognition of the extraordinary
services he has rendered by the discovery of the remarkable rays subsequently named
after him." J.J. Thompson discovered that the cathode rays of the Crooke’s tube produced
negatively charged, energetic particles later named electrons. Thompson received the
1906 Nobel Prize in Physics "in recognition of the great merits of his theoretical and
experimental investigations on the conduction of electricity by gases."
All of these people, as well as many others, laid the foundation for Irving
Langmuir’s experimental research in the area: he coined the term “plasma” in the 1920s
to describe these electrified gases (Hutchinson, 2002).

Langmuir (Figure 1.2), an

American physicist and chemist, received the Nobel Prize in chemistry in 1932 for this
discovery as well as innovations in surface chemistry (nobelprize.org). Langmuir’s early
work in plasma physics has resulted in his name being associated with waves in plasma
(a Langmuir Wave), plasma probes (the Langmuir Probe), and many other plasma related
subjects.

Figure 1.2: Irving Langmuir holding a vacuum vessel used for his various experiments conducted under
low pressure. (Hutchinson, 2002).

3

1.2 Complex Plasma
Complex or dusty plasma is a specific type of plasma deserving of its own
explanation. As mentioned previously, all plasma has some degree of ionization, causing
it to consist of electrons, ions, and neutrals (gas that is not ionized). Introducing dust into
this mix of ions, electrons and neutrals, produces a complex (dusty) plasma where the
dust is now considered an integral component of the plasma (Shukla et al., 2002). The
ions, neutrals and dust are slow due to their larger masses, when compared to the
electrons. Consequently, electrons collide more frequently than the ions with the dust
particles, resulting in the dust acquiring a net negative charge.
It is worthwhile to note to what extent the field of experimental complex plasma
research has evolved over the years. From its original establishment in the early 90’s, the
field of complex plasmas now intersects biology, chemistry, physics, environmental
science, space science, engineering, and many other related fields. Complex plasma
studies are being conducted within the silicon wafer manufacturing community and on
the international space station.

This research can also be used to determine better

methods to sterilize medical equipment and/or market produce or provide thrust for small
satellites in orbit. Complex plasmas also play an integral role in the study of space
atmospheres, solar system formation (rings, nebulae, solar wind, etc), and within fusion
research devices. It is clear that complex plasma can be seen in a large part of our world
(and our universe-99% of visible matter), (Gurnett et al., 2005).
Depending on the circumstances, this dust is seen either as a contaminant or as a
useful part of the plasma. Dust can actually become part of plasma in a variety of ways.
When reactive gas is used as a plasma source, the neutral or ionized gas, can combine
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with surrounding materials in the plasma vessel (or with the plasma vessel itself) to create
particulates. Furthermore, these particulates can themselves become chemically reactive,
or neutral upon combination. This type of plasma setup is typically found in the area of
semi-conductor manufacturing. It is partly because of this effect that semiconductormanufacturers initially entered the arena of complex (dusty) plasma physics, only
occupied by space physicists up to that time. As scientists, they needed to understand
why the dust behaved as it did and how to eliminate it as a contaminant. This became of
even great importance as microchip electrical pathway size continued to decrease since,
as the artifact size approached the order of the dust size being produced by etching or
deposition, dust had much more of a deleterious effect upon microchip production
(Figure 1.3). In this figure, microchip features are initially undisturbed by dust particles,
until the particles become on the order of the size of the microchip feature itself. In this
situation, dust can be useful when thin-film layer deposition needs to occur, or act as a
contaminant when electrical channels, etched within the semi-conductor, become
hindered by its presence.

Figure 1.3: As chip feature size decreases, a 1.5 µm dust grain becomes a “killer” particle (Qiao, 2004).
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Even a noble gas, like Argon, can produce dust within the vessel as the result of
etching. In order to create a plasma, Argon must first be ionized, causing it to exhibit a
higher chemical reactivity than its noble gas form (since it now lacks a fully filled outer
electron shell). This enhanced reactivity allows ionized Argon to combine with other
particles within the chamber or with the chamber itself (if one is used. This type of
etching process is common and found both in the sheet-metal cutting industry as well as
the semiconductor industry.
In order to provide consistent results, the Gaseous Electronics Conference (GEC)
radiofrequency (rf) Reference Cell was established in the early 90’s to provide a baseline
for comparison among various experiments performed during the plasma-processing of
silicon wafers (Hargis et al., 1994). Since its establishment, the GEC rf Reference Cell
has benefitted the micro-electronic device industry by producing data explaining the
effects of dust dynamics within plasma, physical processes occurring within plasma, and
providing a much-needed experimental baseline apparatus for science and industry alike.
In 1994, the modified GEC rf Reference Cell was adopted by the dusty plasma
community to study the basic physics that occurs when dust enters plasma.

To

accomplish this, the GEC cell was adapted in order to make experimental measurement
more practical. The specifics of this modification will be discussed later. Two such
Reference Cells exist within the Center for Astrophysics, Space Physics, and Engineering
Research (CASPER) at Baylor University and are the primary experimental apparatuses
used in the following research.
The two modified GEC cells located at CASPER were designed with similar
chamber geometry and to span the same operating regimes of powers and pressures
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delivered to the cell. They have been assumed to maintain a high degree of similarity,
enough so that experiments conducted in both cells should return the same results within
some degree of experimental error that is based on the experiment and not differences
between the apparatuses. The following research aims to justify that assumption that at
given pressures and powers within both modified cells, very similar results for the plasma
parameters of both cells will be obtained. In the next chapter, background will be given
on plasma, how it is obtained and characterized.

Chapter Three will explain the

experimental setup and procedure for acquiring data. Chapters Four and Five will show
the data obtained from the experimental runs and explain the resulting data, respectively.
The results should indicate the degree of similarity between the two CASPER modified
GEC cells.
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CHAPTER TWO
Equation Chapter (Next) Section 1
Background
2.1 Plasma Properties
Plasma is best characterized by system parameters such as electron, ion and neutral
temperatures (

) and electron, ion and neutral densities (

often classified as either thermal or non-thermal.

). Plasma is

Thermal plasmas exhibit average

uniformity amongst ion and electron temperatures (

) and they are usually

represented by a Maxwellian velocity distribution,
(2.1)
,
which describes particles in thermal equilibrium. Here,
corresponds to the mass of a species,

refers to the plasma species,

is Boltzmann’s constant, and

refers to the

magnitude of the particles’ velocities squared (Gurnett et al., 2005). Several parameters
which can be derived using a Maxwellian distribution include thermal speed (
length (

), plasma frequency (

), and cyclotron frequency (

plasmas, which will be the focus of this work, usually exhibit

).

), Debye

Non-thermal

. This work will

undertake determining non-thermal plasma parameters utilizing a Langmuir Probe.
In order to accurately explain the results produced by a Langmuir Probe, it is first
useful to introduce a fundamental length scale of plasmas known as the Debye length
(Gurnett et al., 2005). If a positive/negative test charge is introduced into a homogeneous
plasma, the resulting electron/ion cloud surrounds the test charge and, after sufficient
8

time, effectively cancels out its contribution as seen from an outside observer. This
cancellation of charge is called Debye shielding after the scientist who discovered it
(Debye et al., 1923), and the characteristic length over which this occurs is called the
Debye length.

Figure 2.1: A plasma with Debye Length given by λD. Here, '-Q' represents a negative test charge inserted
into the plasma. The negative test charge reorganizes the plasma by attracting mainly positive ions and its
charge is effectively canceled out.

The plasma potential can be related to the discussion on Debye length in section
2.2. As discussed, whenever a test charge (or probe) is inserted into a plasma, opposite
charges collect on it. This is because a plasma maintains charge neutrality. Charge
neutrality refers to the situation where equal numbers and densities of positive and
negative charges throughout the whole plasma exist. The term quasi-neutrality describes
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the case when charge neutrality within certain regions of the plasma may not be
maintained locally but the plasma as a whole may still be considered neutral.
The derivation of the Debye length is found by first solving Poisson’s Equation,
(2.2)
,
assuming a fixed background of positive ions where
the permittivity of free space,

is defined as charge density,

is the charge of one electron, and

is

is the Debye-

Hückel potential. Utilizing kinetic theory, statistical mechanics, and assuming that the
electrons have a Maxwellian velocity distribution (Gurnett et al., 2005) at

, we

arrive at the electron velocity distribution:

(2.3)
.
The term in the numerator of the exponential (

) in Equation 2.3 refers to the

total (kinetic plus potential) energy of the electrons. Statistical mechanics dictates that
, where

(Gurnett et al., 2005).

After integrating the electron distribution over velocity space, the electron density
is given by
(2.4)

.
Substituting this electron density into Poisson’s equation,

(2.5)
,
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assuming (

), and expanding

in a Taylor series, while keeping only the

first-order term due to its larger contribution to the expansion, a linear differential
equation,
(2.6)
,
is obtained. This can be rewritten in spherical coordinates by
(2.7)
since an isotropic, spherically symmetric plasma was assumed.
Solutions to the equation are given by
(2.8)

,
where the parameter,

, refers to the Debye Length,

(2.9)
.
Near the test charge, the potential should be that of a point charge given by
(2.10)
.
Thus,

can be determined by Equation 2.8 and the Debye-Huckel potential is found to

be (Debye et al., 1923)
(2.11)
.
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In order to experimentally determine the basic plasma parameters mentioned
above requires invasive and/or non-invasive measurements. An example of an invasive
measurement would be inserting a Langmuir Probe into the plasma, while taking images
of the plasma would constitute a non-invasive measurement. Each measurement method
has its own advantages and disadvantages. The method used in this work is an invasive
measurement made by a Langmuir Probe.
2.2 Langmuir Probe
The original Langmuir Probe (Figure 2.2) consists of a simple conducting
cylinder that is inserted into the plasma. The shaft is composed of a copper rod with the
tip made up of a heat tolerant tungsten filament.

Figure 2.2: Image of vacuum vessel and exploded Langmuir Probe ('B') view circa 1924. The vessel
contains an inlet for Argon and the pumping system. 'A' denotes the anode, 'C' the cathode (Compton et al.,
1925).
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Since Langmuir’s original invention of the probe (first called a cold exploring
electrode, Mott-Smith et al., 1926), modifications allowing the probe to return more
accurate and refined data as well as operate under a multitude of conditions (i.e. different
plasma environments) have been incorporated into the basic design (Shun’ko, 2008). The
modifications to the probe include: length, insulating material, probe-tip material, tip
shape, built in electronic filters. Langmuir probes are now routinely used to collect data
across a wide variety of regimes ranging from high heat flux fusion environments to
those found at the extreme reaches of our solar system (low temperature, low density).

Figure 2.3: Cartoon image of a Langmuir Probe and its interaction with the plasma producing a cylindrical
sheath of a few Debye Lengths. ( ‘+’ are regarded as ions and ‘-‘ as electrons)

When a Langmuir probe is inserted into a plasma and biased negatively with
respect to the plasma, it develops a positively charged sheath around it consisting of
positive ions (Figure 2.3). This in turns creates a characteristic shielding distance on the
order of a few

, or electron Debye lengths. It should be clear at this point why a

Langmuir probe measurement is considered an invasive measurement. The probe acts as
a source or sink for charge (depending on its bias), effectively modifying many of the
local plasma parameters at its insertion point. Although this effect on plasma parameters
13

limits the ability of a Langmuir probe to take precise measurements of local plasma
parameters, it can still provide trend lines or average values for non-local system plasma
parameters. It has also been shown that the smaller the probe size, the smaller the overall
plasma perturbation (Laframboise, 1966); a smaller probe size is one of the ways probe
measurements have improved over the years.
Compton and Eckart were among the first scientists to use the Langmuir probe
(Compton et al., 1925). Their chief investigations with the probe involved the diffusion
of electrons in a low voltage arc. By biasing the probe over a range of voltages, a current
can be measured at each voltage point producing a current-voltage (I-V) curve. This
curve allows the plasma parameters, such as the floating potential (Vf), plasma potential
(Vp), electron temperature (Te), and ion/electron densities (ni, ne), and ion current (Ii) to
be determined based on the characteristic shape of the curve. When the probe is biased at
a high negative voltage, electrons cannot overcome the potential barrier, and only ions
are collected by the probe. This influx of ions is decreased as the probe bias voltage
increases positively and electrons begin to overcome the potential barrier. At a point
(Vf), the influx of ions and electrons to the probe tip is equal and the total current to the
probe tip is zero. By biasing the probe tip with an even more positive voltage, ion
collection becomes significantly less, an inflection point is reached in the I-V curve
(indicating Vp) and electron saturation of the probe tip begins to occur (Merlino, 2007).
Electron temperature (Te) is found in the form of an energy (κTe) by integrating
under the I-V curve from the floating potential to the plasma potential. Then, dividing by
the current at the plasma potential, the electron energy is found. Ion density (ni) can be
found by first finding the ion thermal current which will be presented in Chapter 2.3.
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After this is found, the ion mass, electron energy, and probe dimensions are also used.
The electron density (ne) is found in a similar way with the electron density and energy,
though uses the current at the plasma potential instead of the ion thermal current.
Compton and Eckart’s original analysis (Compton et al., 1925) is very similar to this
method.
2.3 Determination of Plasma Characteristics
As mentioned earlier, an I-V curve is developed from a Langmuir probe when a
voltage is applied to the probe, spanning negative and positive voltage values. In Figure
2.4, a sample characteristic shape of the I-V curve can be seen in blue. This basic data
set is representative of all data taken in this work. The analysis program shown, is
provided by the probe manufacturer (Scientific Systems, 1995), and will be discussed
below.
The region in which the probe is biased at such a negative value that the I-V curve
produces a nearly horizontal asymptote is known as the ion saturation region. This
region allows only positive ions to be collected by the probe despite how energetic the
electrons become in the plasma. As the bias voltage increases and becomes positive, an
inflection point is reached. This region is known as the electron retardation region.
Electrons (energetic enough to overcome the potential barrier) can reach the probe in this
region since the potential barrier has now been decreased due to the (positively) rising
probe voltage. Increasing the bias further, the slope of the I-V curve responds with a
decrease in the electron saturation region. In this region, electrons and negative ions are
attracted towards the probe and hence, electron saturation occurs (Klindworth, 2004).
The electron density is derived from the curve characteristic in this region. Two analysis
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methods are employed to determine parameters such as Vf, Vp, κTe, ne, ni, and I0,i. The
first is the zero-second derivative method and the second is the intersection slopes
method.

Figure 2.4: Sample Langmuir Probe I-V Curve with SmartSoft Software (Scientific Systems, 1995).

2.3.1 Zero-Second Derivative Method
In this method, Vf, the floating potential, is defined as the negative potential (with
respect to the plasma potential, Vp) that develops on a floating probe inserted into a
plasma, due to high electron mobility (compared to ions). Initially, the net current
through the probe is zero and there are equal ion and electron fluxes on the probe tip.
This occurs at the point at which the net current is zero, where the blue ‘I-V
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Characteristic’ line crosses the x-axis. For example, in Figure 2.3, this occurs around 4
volts: so Vf ≈ 4 volts.
The plasma potential is found by taking the second derivative of the I-V curve.
The point of inflection on the I-V curve, where the second derivative goes to zero
(crosses the x-axis), is the plasma potential, Vp. In Figure 2.3, the plasma potential is
around 40 volts: so Vp ≈ 40 volts. As noted above, the floating potential is negative when
compared to the plasma potential.
The electron energy (κTe) and the electron and ion densities (ne, ni) can also be
calculated based on Figure 2.3 as provided by the software analysis program. The
electron energy is measured in units of electron volts (eV), a common way to represent
the electron temperature (Te). The electron energy (Equation 2.12) is determined by
calculating the area under the I-V curve from the floating potential to the plasma
potential, then dividing it by the current at the plasma potential. This allows for an
average value of the electron energy,

(2.12)
to be determined. Once the electron energy is established, the electron density can be
found as well

(2.13)
,
with

representing the electron mass,

representing the electron charge, and

representing the probe’s surface area. For the ion density,
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(2.14)
,
represents the ion mass and

represents the ion thermal current. Determinations of

these parameters also allows for the Debye Length to be calculated (Scientific Systems,
1995).
Finally, for both the zero-second derivative method and the intersecting slopes
method,

(Equation 2.14) is first determined by calculating

(Equation 2.20) from

Laframboise Theory. This current is calculated in much the same manner as the electron
thermal current, although due to the fact that electron current can obscure the ion current,
the ion current is measured at a negative bias selected to insure that few electrons are
collected (default ion voltage is -50V).
2.3.2 Intersecting Slopes Method
The intersecting slopes method offers an alternative, and more precise, way to
calculate the plasma potential, taking into account sheath expansion using Laframboise
theory (Laframboise et al., 1966, 2006). This method employs a linear fit to the electron
saturation and retardation regions of the I-V curve (Figure 2.5) in order to obtain a more
precise value for Vp, and corresponding electron thermal current,

. In the electron

saturation region, electrons and negative ions are attracted towards the probe, ions are
repelled, and hence, electron saturation occurs. The electron retardation region is
characterized by a lower probe bias,

, and Laframboise theory takes into account the

resulting sheath when a probe is inserted into a plasma and its subsequent sheath
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expansion. Equation 2.15 shows an approximation of Laframboise theory (sheath width,
, changing with probe bias,

).

(2.15)
The ion and electron current to the probe can be found as a function of the applied
voltage. Figure 2.6 shows representative ion currents for applied voltage over a range of
different Debye lengths and probe radii,

. Likewise, the ion mass for the particular gas

species used is also entered. It is from this data and the results of Laframboise theory
(Laframboise et al., 1966, 2006), that the program using,
(2.16)
and,
(2.17)
can calculate the electron and ion currents, respectively.

In these equations,

, α is a weak function proportional to the probe radius divided
by the electron Debye length (Figure 2.6), and
function of

(the sheath expansion factor) is a

.

The zero-second derivative method gives initial values for Vp and κTe.
Subsequently at Vp, the current measured by the probe is assumed to be due to the
thermal electron flux alone and is given by
known applied voltage (

) that

, and

. It is from this value and the

can also be found, leading to
(2.18)
.
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Figure 2.5: Current vs. probe bias. The red (dashed) line represents the fit to the electron saturation curve
while the green (dotted) line is a fit to exponential in the electron retardation region. The cross-point of
these two lines gives a more accurate value of Vp when sheath expansion is taken into account and defines
the intersecting slopes method.

Figure 2.6: Resulting ion current for ratios of

, where

is the radius of the probe. These curves

are stored within the software analysis routine so that for a given value of
well.
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,

or

can be determined as

It is at this point in the analysis where the intersecting slopes method gets its name.
The program first uses a value of the current measured at a voltage from the intersection
of the two slopes (electron retardation and electron saturation) given in Figure 2.5.

This

current value is extrapolated back to a point where it intersects the slope of the electron
retardation region of the I-V curve. This is represented by
(2.19)
.
As stated, values of

,

, and κTe are initially used in Equation 2.19 to return

more accurate values for Vp, I0,e and ne than those first used by borrowing from the zerosecond derivative method. These new values are then used as the starting point for the
intersecting slopes method where new, more accurate values for the sheath expansion
factors (

,

) are obtained. The program then continues with the iteration scheme until

a self-consistent solution for Equation 2.18 is reached.
(2.20)
Finally, for both the zero-second derivative method and the intersecting slopes
method, ni (Equation 2.14) is first determined by calculating the thermal ion current, I0,i
(Equation 2.20). This current is calculated in much the same manner as the thermal
electron current, although due to the fact that electron current can obscure the ion current,
the ion current is measured at a negative bias selected to insure that few electrons are
collected (default ion voltage is -50V). The effect of the surface area at the tip of the
probe is also taken into account (Land et al., 2009), (Scientific Systems, 1995).
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2.3.3 Software Routine
In this work, electrons and ion currents are calculated automatically by the
SmartSoft program (Scientific Systems, 1995), taking into account such parameters as tip
length, radius, and additive resistance from all resistive elements placed in series in the
circuit, which are entered when the SmartSoft program begins (Figure 2.7).

Figure 2.7: Analysis Parameters entry box for the SmartSoft Software. Ion mass refers to the atomic mass
of Argon used in the experiment and fit width is employed in the software analysis routine.

It is also worthwhile to note recent research by Pletnev and Laframboise (Pletnev
et al., 2006) concerning Langmuir probe measurements in a GEC rf Reference Cell above
pressures of 50 mTorr. At such higher pressures the ion density is underestimated by
ordinary probe data and must be increased by a factor of
radius and

, where

is the probe

is the ion-neutral momentum transfer mean free path (Land et al., 2009).
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Figure 2.8: Software analysis routine for calculating the plasma parameters for the intersecting slopes
routine as well as the ion current and ion density for both methods.

It is also worthwhile to note recent research by Pletnev and Laframboise (Pletnev
et al., 2006) concerning Langmuir probe measurements in a GEC rf Reference Cell above
pressures of 50 mTorr. At such higher pressures the ion density is underestimated by
ordinary probe data and must be increased by a factor of
radius and

, where

is the probe

is the ion-neutral momentum transfer mean free path (Land et al., 2009).
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Due to the nature of this paper as a comparison between two GEC rf Reference
Cells under similar operating conditions, any such ion density increase would be the same
for both cells and should not have a bearing on the results. However, corrected ion
density profiles can be determined from experimental data in case future need for it is
required.
2.4 Plasma Discharges
Thus far, special attention has been paid to what a plasma is and how to measure
its various parameters rather than how it is created. In the following section, examples
will be given of how various plasma discharges create and ultimately sustain plasma
environments.
Just as a solid requires energy in order to become a liquid, and a liquid needs
energy to become a gas, a gas requires energy to become plasma. The amount of energy
needed depends upon the gas in question as well as the percent of ionization desired. For
example, xenon, argon, and krypton all require less ionization energy than do hydrogen
and helium (Figure 2.9). Molecular gas compounds can also become ionized and may
require more or less energy than their elemental components.

Figure 2.9: Ionization energy trends for the periodic table (grandinetti.org).
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There are several common types of plasma discharges: glow discharge,
capacitively coupled (CC) discharge, wave heated discharge, arc discharge, and
inductively coupled (ICP) discharge.

These types of discharges are not necessarily

mutually exclusive; for example, a glow discharge commonly refers to the creation of a
partially ionized plasma (which emits a glow). Such a discharge can be present in either
a capacitively coupled discharge or an ICP discharge since both impart a minimum
amount (> 1.5 eV) of energy to the gas (low ionization) while still creating and
maintaining a plasma (Chen et al., 2003).
All the discharges mentioned above (CC, ICP, glow, arc) are driven using
different forms of electromagnetic energy or direct current. These driving energies can
take on various forms of direct current, such as pulsed direct current, radiofrequency
radiation, microwave radiation or X-Ray radiation.
For example, a capacitively coupled discharge might use a radio frequency (rf)
signal (where any of multiple driving frequencies can be used) to impart energy to and
ionize gas between two electrodes placed closely together (much like a capacitor).
Generally, one electrode is biased with an RF signal while the other remains grounded.
Once the gas is ionized, plasma is created and a flow of charge between the electrodes is
established. This flow completes the circuit between the two electrodes. Like every
conductor, a plasma has an inherent resistance and capacitance. A very rudimentary way
to model this is by utilizing Ohm’s Law (

). Since current ( ) is flowing between

the two electrodes and a resistance is present (

), a resulting voltage (

) is produced by

the plasma. This voltage is known as the plasma self bias (the amount of potential the
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plasma produces). This all usually occurs within some type of vacuum chamber, which is
responsible for removing other gas/matter not wanted in the discharge (Chen et al., 2003).
On the other hand, an inductive coupled discharges use induction to ionize gas
into a plasma state. A radio frequency electric field is induced in the plasma using an
external antenna (Chen et al., 2003) and induction obtained through a solenoid, a planar
coil or a helical antenna. Inductiveley coupled devices require no internal electrodes,
since the induction coil also acts as the plasma wall boundary. Additionally, no direct
current magnetic field is required.
The type of discharge used in this research is a capacitively coupled discharge
driven by a radio frequency signal. The rf signal is imparted to the chamber through the
lower electrode at 13.56 MHz which ionizes the gas into a plasma state. As mentioned
earlier, this creates a voltage (which is consequently negative due to the chamber setup),
in order to levitate dust particles that have a net negative charge (due to high electron
mobility). The upper electrode is grounded as are the sides of the plasma chamber. In
the next chapter, the experimental setup will be further explored including the differences
between the two reference cells, Langmuir probe, and the respective operating parameters
of each.
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CHAPTER THREE
Equation Chapter (Next) Section 1
Experimental Setup
3.1 GEC and CASPER Cells
As previously mentioned, the Gaseous Electronics Conference (GEC) rf Reference
Cell was established in 1988 to provide a much needed baseline for experimental and
theoretical studies of plasma-processing discharges. The design was primarily based on
four guidelines: (1) ease of duplication, (2) compatibility with a wide variety of
diagnostic measurements, (3) compatibility with the reactive gases used in plasma
processing, and (4) relevance to discharge geometries used in the manufacturing of
semiconductor devices (Hargis et al., 1994). The basic geometry of the setup can be
found in the original paper outlining the GEC rf Reference Cell (Hargis, 1994).
The CASPER complex plasma lab has two cells modeled on the original GEC
chamber geometry but modified to study complex plasmas. The primary differences
(chamber geometry, electrical and flow characterization) between the CASPER cells and
the original GEC Cell are detailed in Smith, 2005. CASPER cell parameters relevant to
this project will be discussed below, as well as the differences between the two CASPER
cells themselves.
The main body of the CASPER reference cell is a stainless-steel chamber in
which two electrodes are located: the top electrode and chamber walls are grounded
while the lower electrode is driven by a radio frequency signal at 13.56 MHz. A primary
deviation from the 1988 GEC reference cell can be seen in the upper electrodes utilized
by the CASPER cells: both consist of a hollow electrode, as opposed to the original
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showerhead electrode. (A hollow upper electrode is necessary to allow optical
measurements to be taken through the top of the cell.) The powered, lower electrode
consists of a cylindrical column 5.04 cm in diameter. Placed atop this electrode is a plate
having a 400 µm deep, 2.54 cm diameter cutout, which aids in the confinement of dust
(when present) within the system. In all cases, a non-reactive gas (argon) was used for
experimentation. In comparison to typical plasma-processing discharges, a much lower
temperature (< 9 eV) plasma was established in the CASPER reference cell. The driving
power provided through the rf source and the gas pressure are the primary variable
parameters under external control for these experiments.

a)

b)

Figure 3.1: a) Upper electrode configuration for the original GEC cell. b) The design of the upper electrode
mimics that of a showerhead with gas flowing from the ports in this bottom-up view.

a)

b)

Figure 3.2: a) The modified upper electrode configuration on CASPER Cell #1. b) The modified electrode
replaces the shower-like flow of the gas with a passive flow throughout the whole system in this bottom-up
view. This type of electrode is ideal for optical measurements.
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a)

b)

Figure 3.3: a) A side-view of CASPER’S modified GEC plasma chamber showing an 8-inch front viewport
and a 2¾-inch side port during a plasma run. b) A schematic side-view of the original GEC chamber with
viewports on the left and right sides. Cell #1 retained the 1 inch electrode spacing while the electrode
spacing on Cell #2 was changed to approximately 0.75 in to allow for other diagnostic equipment. Neither
cell retained the showerhead electrode pictured above.

Optical measurements can be conducted through both the top electrode and the 8”
side viewport (Figure 3.3a). CCD cameras located at the top and side ports of the cell
(top, side-Sony XC-HR50) with variable lenses (top-Navitar Zoom 7000, side-Infinity
K2) are mounted on stepper-motor assemblies (top- VEXTA PK266-03B-P2, sideVEXTA PK264-03A-P1) at these locations allowing for simultaneous top and side
measurements of the plasma and dust (when present) in the system (Figure 3.4). The
stepper motor assemblies also provide for precise camera positioning and resolution
when imaging inside either cell. Dust is illuminated by two LASARIS 660nm, 50mW
lasers which, like the cameras, are mounted to stepper motor assemblies (VEXTA
PK245-01AA) to allow for precise positioning.
Each cell incorporates similar monitoring equipment allowing for the collection of
a range of system data including chamber pressure (Figure 3.5a), gas flow rate (Figure
3.5b), and power delivered to the cell.

Operating pressure within the chamber is
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measured employing a capacitance manometer with the pressure maintained through an
exhaust valve controller and mass-flow unit.

Figure 3.4: Picture of the setup for CASPER Cell #1 with locations of cameras, motors, lasers indicated.
Setup for Cell #2 is similar.
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a)

b)

Figure 3.5: a) Both cells employ an ion gauge measurement method for determining the pressure in the
reference cell, a capacitance based manometer (pressure) display for the cell, and an exhaust valve
controller unit for the butterfly-valve. Cell #2 employs a turbo-pump (instead of a cryopump on Cell #1)
with its power supply unit shown above. b) The mass-flow unit controls how much gas actually enters the
reference cell within specific time. This was held at 20 sccms during this experimentation.
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a)

b)

Figure 3.6: a) Electronics Control Setup. b) MFJ Versa Tuner and oscilloscope used to maintain impedance
matching.

Power is delivered to the cell through the lower electrode via a frequency signal
generator held at 13.56 MHz, variable passive attenuator (VPA) and rf amplifier. The
low amplitude (≤ 1 V, -25 dBm @ 50Ω) signal from the generator (Figure 3.6a) is sent to
the VPA where the gain is increased from 11-31 dBm at a maximum of 1 Vrms as
controlled by a variable resistor knob. Post VPA, the voltage and current are measured
using an oscilloscope (OSB2), before an rf amplifier (Figure 3.6a) amplifies the signal
from the VPA to 50 dBm at a maximum of 1 Vrms. The derivative of the voltage and
current is measured again using an oscilloscope (Figure 3.6a-OSC2), before the signal is
finally passed to an impedance matching network before entering the cell (Figure 3.6b).
A modified MFJ tuner (MFJ-989C) is employed for impedance matching, allowing for
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matching of the signal impedance to the impedance produced by the plasma in the cell.
Both power losses and safety issues can occur if these values are not properly matched.
Throughout the experiment, all electronic system data is collected and logged via an
electronic data logger (Agilent 34970A) which captures data from the oscilloscopes
transferring it to computer hard drives for further analysis. OSB waveform data was not
used in this analysis. Detailed information concerning all of the above can be found in
Smith, 2005.
Table 3.1: GEC rf Reference and CASPER Cell Comparisons
Cell Comparison

NIST GEC rf
Reference Cell

CASPER
Cell #1

CASPER
Cell #2

Power-rf (Watts)

0.1-100

1-15

1-15

Pressure (mTorr)

8-1000

65-800

65-800

Electrode Diameter (in)

4.02

4.02

4.02

Electrode Spacing (in)

0.5-2.5

1.0

0.75

Electrode insulator

Teflon®

Teflon®

Teflon®

Flow Rate (sccm)

2-25

20

20

Frequency (MHz)

13.56-67.80

13.56

13.56

High Vacuum Pump

Turbomolecular/Cryo-

Cryo-

Turbomolecular

Electrode geometry

Metal ‘showerhead’

Cylindrical ring

Annular ring w/
bracket

The two CASPER cells differ from each other and the original NIST GEC rf
Reference Cell in additional ways (Table 3.1). The differences relevant to this research
include the following: Cell #1 (Figure 3.6a) has an inter-electrode spacing of 1 inch (2.54
cm) while Cell #2 (Figure 3.6b) has a spacing of 0.75 inches (1.91 cm). Cell #2 houses a
Zyvex S100 nanomanipulator which includes a control head located above the upper,
grounded electrode. As a result, the control head and at least part of the wiring from the
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S100 is contained within the vacuum vessel; this has intentionally been located as far
away from the discharge area as possible, in an attempt to minimize interactions within
the discharge. Additionally, the configuration of the upper, grounded electrode for Cell
#2 consists of a specialized, annular ring electrode. This allows mounting of the S100
head and deployment of the nanomanipulator arm into the discharge area.

a)

b)

Figure 3.7: a) Side and top view of the electrode configuration for Cell #1. The top view peers through the
upper electrode and the cutout at the lower electrode is visible. Electrode spacing is 1.0”. b) Side and top
view of the electrode configuration for Cell #2. The top view peers through the upper electrode and the
cutout at the lower electrode is visible. The mounting brackets for the modified upper electrode are also
visible in the top view. Electrode spacing is 0.75”.

Cell #1 employs a cryopump to reach high vacuum (used to maintain a clean
chamber) while experimental runs are not being conducted, while Cell #2 employs a
turbomolecular pump. Maintaining a high vacuum between experiments insures a clean
chamber by evacuating dust, contaminants, and most gaseous elements from the chamber.
It was later determined that an active cryopump, although isolated from the main
experimental chamber during experimentation, can still influence experimental
conditions through its operational vibration. The design of Cell #2 addresses this issue
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by using a turbomolecular pump which can be switched off completely during
experimental runs, producing no vibrational impact on experimental data through the
experiment. Since experimental operations are conducted at pressures between 65 mTorr
and 800 mTorr, both pumps are isolated from their respective chambers during
experimental operations using a gate valve. A roughing pump is employed to maintain
operating pressure within the cell.
The information presented in Table 3.1 highlights the major differences between
the two CASPER GEC rf Reference Cells as discussed in the text.

Although unlikely,

small variations in interactions between these components could yield completely
different experimental results. As such, comprehensive in-situ data is required in order to
ensure proper analysis of results.

Figure 3.8: Schematic of Langmuir Probe and Preamplifier fitting. (Scientific Systems, 1995)

3.2 Langmuir Probe
As mentioned in Chapter 2.3, the Langmuir probe employed in this research is an
rf-compensated Langmuir probe produced by Scientific Instruments (SmartProbeTM) and
distributed with SmartSoft software (Scientific Systems, 1995). The probe geometry is
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shown in Figure 3.7 and characterized by a CF70 mounting flange, a 1.08 in (27.6 mm)
diameter vacuum gasket, a 18.50 in (470 mm) long, 0.37 in (9.5 mm) diameter, ceramic
(alumina) insulated shaft, a 0.30 in (7.5 mm) diameter compensation electrode, and a 0.98
in (2.5 mm) macro tip holder. The compensation electrode has an area of 0.54 in2 (3.5
cm2) and a shunt capacitance of 50 pF. The tip holder exposes approximately 0.39 in (10
mm) of a 0.015-in (0.38-mm) diameter, 0.59-in (15-mm) long Tungsten probe tip. An air
inlet provides probe tip cooling primarily using nitrogen. A reference probe is attached
(directly below the probe tip) which limits the ion saturation current between the two,
avoiding large electron currents. The reference probe is also made from tungsten and is
connected to a preamplifier with a 109 Ω input impedance and a 6 pF input capacitance.
Noteworthy is the Langmuir probe’s blocking impedance, which is greater than 100 kΩ
at 13.56 MHz -- ideal for this research given the experimental setup’s driving frequency.

Figure 3.9: Equivalent circuit for the Langmuir probe and plasma interface (Hopkins, 2004).

Figure 3.8 shows a schematic for the equivalent circuit contribution of the
Langmuir probe at the plasma interface. Each component of the equivalent circuit is
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represented by a label one through ten. Since the plasma is driven at 13.56 MHz, a
resulting sinusoidal driving frequency which attracts (repels) the electrons toward (away
from) the electrode during positive (negative) values of the cycle. The electrons respond
much more closely to this driving force due to their low mass in comparison with the
ions. This creates a charge imbalance on the lower electrode producing an induced DC
bias shown as component 1 in the schematic. Component 2 in the figure refers to the
varying DC voltage applied by the probe itself in order to obtain an I-V characteristic
curve. A capacitor, component 3, in parallel with a resistor, component 4, represents the
plasma-probe interface. This is due to the fact that the plasma itself exhibits capacitive
characteristics and offers resistance. The resulting capacitive term, due to the probeplasma-electrode setup which mimics a parallel plate capacitor with the plasma,
effectively acts as a dielectric due to the small degree of ionization characterizing the
plasma discharge. In this case, the lower electrode acts as one side of the capacitor while
the Langmuir Probe tip acts as the opposite side. Since no material conducts electricity
perfectly due to internal resistance, the plasma is represented both as a capacitor and as a
resistor.
The resulting rf potential characteristics for the plasma create a distortion of the IV characteristic curve produced by the Langmuir probe. In order to reduce this rf
distortion to the signal, a shunt capacitor (the compensating electrode represented by
component 6), is added as well as an rf filter, component 7, along with an inductance,
component 8, and a varying capacitor, component 9. Component 5 represents the overall
parasitic capacitance of the experimental setup. While this can be reduced if the tuning
circuit is built within the chamber wall, for this experiment the tuning circuit is located
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outside the chamber, yielding a higher distortion factor for the I-V curve. Finally,
component 10 refers to the plasma chamber ground which is common to the parasitic
capacitance and varying probe voltage. For each cell, the probe was inserted horizontally
into one of the available side ports until the tip was approximately aligned near center
with respect to the lower cutout (Figure 3.9).

a)

b)

Figure 3.10: a) Side view of Langmuir probe when in operating position b) Top view of Langmuir probe
when in operating position

For the measurements described in Chapter 3, a voltage range from -60 V to +80 V
was examined with ten current measurements collected per data point.

These

measurements were then averaged in order to yield a single data point for a particular
probe bias. Ten sweeps per scan were collected with a sweep interval (duration between
sweeps) was of 10 ms.
Each of the measurements above was repeated for 100 mTorr pressure increments
over a range of 100-800 mTorr and varying rf powers from 1-15 Watts in 1 Watt
increments. Measurements were also conducted for a pressure of 65 mTorr. In all, this
amounted to 135 I-V curves per cell delivered via the Langmuir probe software. This
data will be explored in detail in Chapter 4.
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CHAPTER FOUR
Equation Chapter (Next) Section 1
Results
4.1 Probe Data
As mentioned previously, one probe sweep was conducted for pressure
increments of 100 mTorr over the ranges of 100-800 mTorr as well as 65 mTorr, while
varying the rf power from 1-15 Watts in 1 Watt increments. This produced 135 I-V
curves, with as many respective sets of plasma parameters per cell, delivered via
Langmuir probe software. This data was collected as a .txt output file containing the
following plasma parameters: Vf (V), Vp (V), κTe (eV), ne (cm3), ni (cm3), and Ii (mA).
Original I-V curve trace data was also taken yielding current and voltage values from
which the previous plasma parameters were then derived. Electronic data from the
reference cells including the rms voltage, current and power (Vrms, Irms, and Prms)
delivered to the plasma was taken for each experimental run, including VDC, the DC bias
of the lower electrode.
The SMARTPROBETM program (Scientific Systems, 1995) was used to analyze
the data employing the methods presented in Chapter 2 assuming operating parameters
including a 13.20 Ω series resistance and an atomic mass of 39.95 amu (argon). The
SMARTPROBETM program (Scientific Systems, 1995) provided the corrected voltages
relative to the applied voltage values from the probe to the plasma, where these corrected
values were based on the total internal resistance of the equivalent circuit and the applied
voltage from the plasma self bias.
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Data from all experimental runs, for each parameter above, was plotted for each
cell resulting in two contour graphs per plasma parameter. The contour graphs were then
mapped into two dimensions where they could be overlaid for easier comparison.
4.1.4 Floating Potential (Vf)
The probe floating potential is shown for Cell #1 in Figure 4.1 and for Cell #2 in
Figure 4.2. As seen from these graphs, a higher floating potential exists when the power
is at a maximum across all pressures from 65-800 mTorr. A small peak can be seen at
400 mTorr with a smooth maximum, decreasing in potential with decreasing power for
constant pressure. Cell #2 follows a similar trend with a peak in Vf at 500 mTorr. This
decrease in Vf terminates near 10-12 V for Cell #1 and 4-6 V for Cell #2 at 1 W of power
delivered to the cells. Furthermore, a decrease in Vf can be observed in both cells from
increasing pressure at constant power. Both cells are characterized by an approximate
range of 5-25 V for Vf.
In Figure 4.3 contour plots of Vf as a function of power and pressure is overlaid for
the two cells. Data for Cell #1 is represented by the dotted lines and Cell #2 by the solid
lines. At 65 mTorr, nearly constant equipotential lines are observed over all powers,
although the floating potential of the cells can be seen to develop a correlation between
increasing power and increasing Vf.
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Figure 4.1: Floating potential contour plot for Cell #1
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Figure 4.2: Floating potential contour plot for Cell #2
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Figure 4.3: 2-D contour overlay of floating potential for Cell #1 (dotted) and Cell #2 (solid)

4.1.5 Plasma Potential (Vp)
The plasma potential is shown for Cell #1 in Figure 4.4 and likewise for Cell #2
in Figure 4.5. Vp for Cell #1 has a readily discernable peak of approximately 41 V near
13 W and 400 mTorr. This peak tapers off over all other powers and pressures trending
toward lower plasma potentials at lower powers. This trend can be seen for Cell #2
although the peak is broader and does not taper off at high powers and pressures.
Examining a contour overlay of the two cells provides a clearer understanding of
this effect since the trend lines can be seen to separate at lower powers and pressures
(lower left of Figure 4.6) and more so at higher pressures and powers (upper right).
Between these two groupings, a broad plateau in Cell #2 (solid lines) can be seen as well
as a steep plateau in Cell #1 (dotted lines)
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Figure 4.4: Plasma potential contour plot for Cell #1
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Figure 4.5: Plasma potential contour plot for Cell #2
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Figure 4.6: 2-D contour overlay of electron temperature for Cell #1 and Cell #2

4.1.6 Electron Temperature
The data show the electron temperature to be the least correlated plasma
parameter when comparing Cell #1 (Figure 4.7) and Cell #2 (Figure 4.8). From Equation
2.12, the electron temperature can be seen to be proportional to the integral of the current
between Vf and Vp divided by the current at the plasma potential. Examining the overlay
graph (Figure 4.9), it is easy to see that similar trends exist between Vp and κTe, as
expected, given the correlation between the two.
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Figure 4.7: Electron temperature contour plot for Cell #1
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Figure 4.8: Electron temperature contour plot for Cell #2
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Figure 4.9: 2-D contour overlay of electron temperature for Cell #1 (dotted) and Cell #2 (solid)

4.1.7 Electron Density (ne)
The electron density for Cell #1 is shown in Figure 4.10 and for Cell #2 in Figure
4.11. As shown, the electron density is almost twice as high in Cell #2 as Cell #1
although both densities decrease as a function of decreasing power and pressure. This
can most likely be attributed to the smaller surface area of the top electrode surface
structure within Cell #2 as compared to Cell #1, as shown in Figure 3.7. The most
obvious difference between the two graphs (Figure 4.12) is the tendency for Cell #2 to
show a negative slope for ne at low pressures (65-300 mTorr) as opposed to Cell #1,
which shows a positive slope for ne over all pressures assuming constant power.
Examining the 2-D contour graph for data collected between 300 mTorr and 800 mTorr,
49

the progression of ne for both Cell #1 and Cell #2 is approximately the same, although the
electron density for Cell #2 is more than twice as large as that for Cell #1.

Figure 4.10: Electron density contour plot for Cell #1
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Figure 4.11: Electron density contour plot for Cell #2
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Figure 4.12: 2-D contour overlay of electron density for Cell #1 (dotted) and Cell #2 (solid).

4.1.8 Ion Density
The ion densities for Cell #1 (Figure 4.13) and Cell #2 (Figure 4.14) mimic the
general trend found for the electron densities of Cell #1 (Figure 4.10) and Cell #2 (Figure
4.11) tending towards lower densities as power decreases over the span of pressure
ranges examined. Surprisingly however, and readily apparent from the contour overlay
in Figure 4.15, the ion densities for Cell #1 and Cell #2 are very nearly the same over all
pressure ranges for low powers, but tend to diverge as the power increases past
approximately 8 Watts.
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Figure 4.13: Ion density for Cell #1
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Figure 4.14: Ion density for Cell #2
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Figure 4.15: 2-D contour overlay of ion density for Cell #1 (dotted) and Cell #2 (solid)
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4.1.9 Ion Current
Since the relationship between the ion density and ion current was established in
Chapter 2 (Equation 2.14), it is to no surprise that the graphs for the ion densities found
for Cell #1 and Cell #2 look remarkably similar to the graphs for the ion currents in Cell
#1 and Cell #2, respectively (Figures 4.16 and 4.17). Refer to Figure 4.18 as well.

Figure 4.16: Ion current contour plot for Cell #1
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Figure 4.17: Ion current contour plot for Cell #2
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Figure 4.18: 2-D contour overlay of ion current for Cell #1 (dotted) and Cell #2 (solid)

4.2 Cell Parameters
The electronic data collected from each cell was analyzed and compared in order
to determine if each cell is operating under the same conditions. Unfortunately, due to
electronic malfunction, the Prms values for the experimental runs conducted on Cell #1
were unavailable. Prms analysis is still presented for Cell #2 for possible use in other
studies.
Driving Frequency. Cell #1 and Cell #2 were both driven by a 13.56 MHz rf
signal via the lower electrode. The first (13.56 MHz), second (27.12 MHz), and third
(40.68 MHz) harmonics for this frequency are indicated in Figure 4.19. Harmonics are
defined as integer multiples of the fundamental frequency. They are generated whenever
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there is a non-linearity within the system due to the system elements. Power fluctuations
can be generated by a mismatch in the characteristic impedance throughout an electronic
system.

In this case, both reference cells have been configured to minimize this

mismatch, although the plasma remains a variable factor. The primary purpose for the
modified MFJ Versa Tuner is to minimize the impedance mismatch produced by the
plasma, minimizing reflection of the power transmitted by the plasma back into the
reference cell. In all cases, reflections were minimized to approximately 10% of the total
power delivered to the cell for all experimental runs.

Figure 4.19: Fast Fourier Transform of sample data at 400 mTorr and 4 Watts for Cell #1(top) and Cell #2
(bottom). Cell #1 recorded two channels of data while Cell #2 recorded four channels of data. Additional
data points were available for Cell #1 explaining the smother graph and well-defined peaks.

Electronic Data. As mentioned previously, the power delivered to the cell (Pd)
represents a particular readout of the electrical data for the power entering the cell; it is
also sometimes referred to as the system power. These readings can be different, but
should be closely related, to the power actually delivered to the plasma, Prms. The reason
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these two values can differ is due to power losses within the cells. Pd is the power that is
represented in Figures 4.1-4.18. In order to calculate Prms, both Vrms and Irms must be
known as well as the phase angle (α) between their two waveforms,
(4.1)
Although data for calculating α was recorded for Cell #2, it was not recorded for Cell #1.
As such, the power delivered to the plasma cannot be calculated for Cell #1.
However, Vrms as well as Irms were calculated for both Cell #1 and Cell #2 and are
presented in Figure 4.20 and Figure 4.21, respectively. It can easily be seen that the fit to
the data is linear which leads to

. Plotting the slope of each

line

versus the pressure, it can be seen that as pressure increases, the plasma impedance
decreases as a quadratic for both Cell #1 (Figure 4.22-top, blue) and Cell #2 (Figure 4.22bottom, red). These graphs indicate that as the pressure increases, the impedance (Z or
RZ) of the system will decrease. Despite the positive slope of the fit at high pressure
values, more data points up to 1.5 Torr should reveal the impedance leveling off at some
constant value. Conversely, as the pressure of the system decreases, the impedance of the
system should go to infinity. This is expected as vacuum cannot carry current and the
cell becomes an open circuit.
In order to validate the conclusion that

,

vs.

is first plotted for

Cell #2 to show a linear relation (Figure 4.23). (As previously mentioned, this data was
not available for Cell #1 so it is assumed that it behaves in the same manner.) From this
data, a justification for

is established, where

is a unit-less proportionality

factor. Further examination of Figure 4.24 (Cell #1) and Figure 4.25 (Cell #2) prove the
quadratic relationship:

.
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Figure 4.20: Vrms vs. Irms curve plots for Cell #1 over all pressures.
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Figure 4.21: Vrms vs. Irms curve plots for Cell #2 over all pressures.

Figure 4.22: Impedance vs. Pressure from the slopes obtained in Figures 4.20-4.21. The quadratic fit
provided the most accurate fit to the data show the R2 values.
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Figure 4.23: A linear relation between the power delivered (Pd) to Cell #2 and the power read off the lower
electrode (Prms).

Figure 4.24: Pd vs. Vrms for Cell #1. Symbols indicated data points while lines indicate quadratic fits to the
data.
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Figure 4.25: Pd vs. Vrms for Cell #2. The fit is quadratic confirming P∝V2. Symbols indicated data points
while lines indicate quadratic fits to the data.

The DC bias (

) within the system is the negative potential that develops on

the lower electrode due to high electron mobility as compared to the ions.

is a linear

function of electrode voltage and also pressure independent according to Song, 1990.
Due to this, all pressures were plotted together as can be seen in Figure 4.26. Linear
fitting to this data was more accurate for Cell #1 (R2 = 0.9737) than Cell #2 (R2=0.9129),
although both remained below 10% of variation. This linear fit model to the data gave a
slope value for Cell #1 of

and a slope value for Cell #2 of
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.

Figure 4.26: Data taken at all pressures plotted for VDC vs. Vrms. As can be seen, there is a linear fit for the
data indicating a direct correlation between the two voltages independent of pressure. Variance in this
correlation can be seen plotting pressures 65-300 mTorr and 500-800 mTorr for Cell #2. The subplot
shows the 400 mTorr data that was left out of the larger plot due to a different y-intercept despite similar
slope.

According to Song, 1990, this ratio of

is related to the grounded and

driven electrode surface areas given by
(4.2)

Here, Ad is the surface area of the driven electrode while Ag is the surface area of the
grounded electrode. As discussed in Chapter 3, there is a substantial grounded electrode
difference between Cell #1 and Cell #2. Cell #1 is comprised of a cylindrical upper
electrode while Cell #2 has a smaller cylindrical electrode with less exposed surface area
as seen in Figure 3.7. Substituting the values m1 and m2 for the slopes for

, the

arcsine returns a non-real result. In attempts to overcome this problem, no solution for
solving for the electrode surface area ratio was found although future work in this area
may be conducted.
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Figure 4.26 also included data from Cell #2 represented in a 65-300 mTorr block,
a 500-800 mTorr block, and a subplot of 400-800 mTorr in the lower left of the figure.
This data shows some pressure dependence diverging from the original conclusion by
Song that the DC bias is a function of electrode voltage and pressure independent. The
subplot, which shows the 400 mTorr data with ‘+’ surrounded by ‘◊’, was not represented
for the linear fit in the surrounding figure. This data was not represented because it
possessed the same slope but a different y-intercept for the 500-800 mTorr Cell #2 data
and skewed the linear fit line away from the bulk of the data. Linear plots for the 65-300
mTorr block, 500-800 mTorr block as well as the 400 mTorr block are also represented.
`
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CHAPTER FIVE
Equation Chapter (Next) Section 1
Conclusion
In summary, this paper describes the process involved to compare the basic
operating characteristics of two GEC rf Reference Cells under varying powers and
pressures. A Langmuir probe by ScientificSystemsTM (Scientific Systems, 1995) was
used in order to acquire various plasma parameters within the CASPER’S two GEC rf
reference cells measuring floating potential (Vf), plasma potential (Vp), electron energy
(κTe), ion density (ni), electron density (ne), and ion current (Ii). Electronic data was
acquired via voltage, current, and other probes integrated into the reference cells, which
returned values of voltage at the lower electrode (Vrms), DC bias of the lower electrode
(VDC), and current at the lower electrode (Irms). For Cell #2, it was also possible to
compute the phase angle between the voltage and current (α), and the power delivered to
the plasma (Prms). The parameters under user control were the power delivered to the cell
(Pd) and the pressure within the cell.
It was determined that although variations did exist between the two reference
cells (electron density, electron temperature, DC bias), overall they behaved quite
similarly under the same operating conditions (pressure, power). The difference between
the electrode surface area and the discharge area between Cell #1 and Cell #2 definitely
played a contributing factor in variation amongst cell parameters that should be explored
further.

This variation is most apparent in the DC bias that appears on the lower

electrode within the system.
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Although these cells are within the operating regimes of the original GEC rf
Reference Cell, and produce similar results under similar operating conditions, this
research should be consulted if comparison of experimental runs between the two cells is
conducted. Readily noticeable differences in experiments conducted between Cell #1 and
Cell #2 would be those experimental conditions which relied heavily on plasma potential,
electron density and DC bias.

Special attention should also be paid to the power

delivered to the plasma upon analysis of electronic data, for if the current and voltage are
out of phase by 90˚ or 270˚, the calculated power delivered to the plasma drops to zero.
5.1 Plasma Parameters
Floating potential (Vf) was determined to be very well behaved between the two
cells as shown in Figures 4.1-4.3. As expected, Vf decreases with decreasing power since
less energy is delivered to the discharge. In this case, electrons are less energetic,
decreasing the electron current delivered to the Langmuir probe. It can also be seen that
in both cells, increasing the gas pressure at a constant power also leads to a decrease in
Vf .
The plasma potential (Vp) diverges in Figures 4.4-4.6 from the graphs of floating
potential shown in Figures 4.1-4.3. Each cell appears to exhibit a maximum mid-range
pressures (300-700 mTorr) and mid to high-range powers (4-15 W) with Cell #1
exhibiting a steeper peak than that of Cell #2.
As mentioned previously the 2-D overlay of the cells’ floating potential yields an
interesting result showing the trend lines to be similar for each cell and diverging from
the lower left (100 mTorr at 2 W) to the upper right (800 mTorr at 15 W) in Figure 4.7.
Also interesting are the comparative values of Vp between the two cells; Cell #1 has a
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range of Vp = 33-43 V while Cell #2 has a range of Vp = 28-42 V. This difference in
range yields a mean difference of 2-15%, with a median difference of 2-5% difference. It
is again assumed that higher powers and pressures result in higher plasma potentials due
to more energy being delivered to the plasma as well as influx of neutral particles.

a)
Figure 5.1: a) Plasma potential of Cell #1. b) Plasma potential of Cell #2

The electron temperature (κTe) in each cell (Figures 4.7-4.9) is clearly more
dependent on the neutral pressure than it is on power. Both cells show a fairly constant
electron temperature at 1-3 W across pressures from 65-600 mTorr.

This trend

discontinues from 600-800 mTorr when κTe begins to increase. At powers ranging from
3-15 W, κTe decreases from 5-3 eV for Cell #1 and 8-5 eV for Cell #2 at constant power.
A contour overlay of the cells repeat the diverging trend as seen in the figures
representing plasma potential. Higher plasma potential would mean an inflection point in
the I-V curve at a more positive value. This means that either the ions have contributed
to a larger amount of charge on the probe, taking a more positive voltage to attract the
electrons, or that electrons respond less quickly to a increasingly positive Langmuir probe
potential.
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The ion density (ni) comprises the most consistent plasma parameter between the
two cells. As seen in Figures 4.10-4.12, for 1-6 Watts the graphs are nearly identical. A
divergence from this can be seen between 8-15 Watts, but the maximum percent
difference between the two cells is still only 15%. As expected, ni decreases as power
decreases, since there is less ionization overall occurring leading to less ions.
Electron density (ne) trends are also well behaved between the two cells, as can be
seen in Figures 4.13-4.15, which exhibit similar trend lines and spacing. However, the
maximum electron density differs between Cell #1 and Cell #2 with Cell #2 exhibiting a
density nearly twice that of Cell #1. This is most likely attributed to the difference in
grounding electrodes between the cells as shown in Figure 5.2.

a)

b)

Figure 5.2: a) Side and top view of the electrode configuration for Cell #1. The top view peers through the
upper electrode and the cutout at the lower electrode is visible. Electrode spacing is 1.0”. b) Side and top
view of the electrode configuration for Cell #2. The top view peers through the upper electrode and the
cutout at the lower electrode is visible. The mounting brackets for the modified upper electrode are also
visible in the top view. Electrode spacing is 0.75”.

As explored in Chapter 3, Cell #1 is characterized by a cylindrical upper electrode
nearly 8 inches in height, inner diameter of 3.75 inches and outer diameter of 4 inches.
The upper electrode in Cell #2 is similar although only 2 inches in height.
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The ion current (Ii) in each cell mimics the ion density which is logical given that
the ion current depends on the ion density. As show by Figure 4.18, the ion current trend
lines for Cell #1 correspond well with those found in Cell #2, exhibiting a percent
difference between the two of less than 1%.
5.2 Cell Parameters
Sample waveforms from both cells returned a fundamental driving frequency for
the plasma of 13.56 MHz with a second harmonic at 27.12 MHz and a third harmonic at
40.68 MHz. Frequency peaks were better defined for Cell #1 than for Cell #2 due to
additional data points (15,000) in the sample.

Since the amplitude of the upper

harmonics fell off rapidly, only that harmonic was used to determine Vrms.
A consistent linear relationship was shown to exist between both cells for the
voltage delivered to the plasma (Vrms) and the current delivered to the plasma (Irms).
Since P = IV, the relationship between Vrms and Irms also provides the relationship
between Prms ∝ Vrms2. Further analysis of Vrms vs Irms also leads to the overall system
impedance values (Vrms / Irms = RZ) for different system pressures. Figures 4.20 and 4.21
of Vrms vs Irms utilizes a quadratic fit for data between 65-100 mTorr. Cell #1 and Cell #2
show excellent cumulative data, although Cell #2 data is displaced in the negative xdirection by approximately 30 mTorr. It is assumed that system impedance will level out
at higher pressures; however, this was not examined in this research.
The predicted relationship between Prms ∝ Vrms2 was examined, employing data
gathered from Cell #2. (Due to operational issues, Prms values could not be determined
for Cell #1.) Cell #2 showed the relationship to be linear (Pd ∝ τ Prms) as established in
Figure 4.23. Assuming consistent behavior between the two cells, Pd vs. Vrms was plotted
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and determined to be quadratic over all pressures tested. From this, the assumption that
the relationship Pd ∝ τPrms ∝ Vrms2 is valid in both cells is justified.
Finally, the relationship between VDC/Vrms and the ratio of the grounded electrode
surface area to that of the driven electrode surface area (Ag/Ad), was explored following
the procedure given by Song, 1990. Data points were plotted over all pressures to show
that Song’s relationship was independent with respect to pressure. A better linear fit was
determined for the data set collected using Cell #1 (R2 = 0.9737) rather than for Cell #2
(R2 = 0.9129), although the slopes were similar in comparison and shared a close yintercept. Plots of Cell #2 pressure blocks from 65-300 mTorr and 500-800 mTorr may
have revealed a pressure dependence on the relationship between VDC and Vrms.
Although this data was collected, it was not explored further, and left for future research.
In conclusion, it has been shown that both CASPER cells behave similarly over all
normative operating parameters including electrode driving potential, power delivered to
the plasma and DC bias. Plasma parameters follow a similar trend with the exception of
the electron density. It is assumed that due to larger electron loss from the upper
electrode in Cell #1, the electron density may be half that found in Cell #2. The higher
electron density in Cell #2 may account for its more negative DC bias as seen in Figure
4.26. A comparison between identical experiments conducted in both cells might shed
more light on the role that the upper electrode plays in influencing the electron density
and DC bias of the plasma. Equation Section (Next)
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