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Derivation of a simple engineering equation for the
minimum voltage of inverted fireball onset
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This paper describes the derivation of a simple engineering equation to calculate the minimal necessary bias
voltage for the onset of an inverted fireball. The calculation uses the electron density in the absence of an
inverted fireball as well as the grid constant and the working gas species as input parameters. It will be shown
that the interplay between ionsation potential, dissociation potential (for molecular working gases), as well
as the electron density in the background plasma, play an important role in the necessary minimum bias on
the fireball electrode. Some of the most common working gases and their relevant parameters will also be
listed in this paper. This should give experimentalists and engineers a practical equation that can be used
to quickly determine the most important electrical properties of the anode that is used to trap the inverted
fireball. Thus, the planning and design of experimental setups or technological devices will be made much less

time-consuming and, thus, more convenient.
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l. Introduction

Inverted fireballs (IFBs) have been discovered in
2011 [1, 2]. In those early works, IFBs were the sub-
ject of pure experimental research that was dedi-
cated to studying non-linearities and instabilities in-
side highly transparent, grid electrodes. Over the
last 15 years, IFBs have drawn increased attention
due to their possible technological applications. For
example, they can be used to convert dc voltage
signals directly into rf signals [2]. However, the
strongest research focus has been put on their us-
age in surface treatment technologies, especially in
the field of carbon coatings [3, 4, 5] or sputtering
[6]. It has also been demonstrated recently that the
plasma parameter inside and IFB can be controlled
to a certain extent by segmented biasing of the IFB
anode [7]. There have also been attempts to inte-
grate an IFB setup into a magnetron sputter cham-
ber but with inconclusive results [8], which show
that there is still a lot of work to be done to get
a good understanding of this phenomenon. How-
ever, some basic principles of IFBs are well under-
stood. They essentially form a Faraday cage due
to the electric closure of the hollow grid anode.
Thus, the plasma potential on the inside assumes a
constant value. This leads to a very homogeneous
plasma. On the other hand, electrons from the sur-
rounding background plasma are injected into the
IFB with high kinetic energy. These energetic elec-
trons either ionise a neutral particle in the IFB or
pass right through it. In the latter case, they imme-
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diately feel the electric field as soon as they leave
the IFB and are pulled back into it. This oscillat-
ing behavior not only leads to transit time instabil-
ities but also enhances the plasma density within
the IFB. Additionally, a potential well is formed due
to a potential overshoot near the inner edge of
the grid electrode, similar to the one described by
Ecker [9]. This potential well traps the relatively cold
ions and, hence, creates a chemically very reactive
plasma. This favorable combination of homoge-
neous plasma potential and elevated density makes
them an ideal tool for surface modification, espe-
cially deposition. To make IFBs a really viable de-
position tool, they have to be controlled and mon-
itored. This is often a tedious task because of the
large parameter space that has to be covered when
setting up the experiment or coating chamber. The
combination with the somehow incomplete under-
standing of basic physics involved in IFBs very often
leads to time-consuming trial-and-error test runs
for finding the optimal parameter set. This paper
tries to solve this problem to some extent by deriv-
ing a simple formula for the minimum voltage re-
quired for IFB ignition. The free parameters are the
electron density in absence of the IFB (i.e. the back-
ground plasma density), the grid constant of the IFB
anode, the mass, and the ionisation (or dissociation)
potential of the working gas. This reduces the pa-
rameter space a great deal and simplifies the design
of IFB setups.
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Il. The Practical Equation

IFBs need equipotential closure to be formed. This
was demonstrated in Ref. [10] and is depicted in the
following Fig. 1. Thus, the grid constant d and the
Debye length have to obey the relation: A\p > d/2.
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Figure 1: Schematics for the condition of equipotential
surface closure around an IFB.

It is evident from Fig. 1 that the Debye
sheaths of two neighboring grid wires have to touch
each other in order the close the equipotential sur-
face. For the derivation of the IFB bias voltage, the
electron Debye length can be used. It is given by:

EokTe

Ap =
nee?

(M

Here ¢y denotes the permittivity of free
space, k is Boltzmann's constant, T is the electron
temperature in eV, e is the elementary charge and
n. denotes the plasma density in absence of an IFB.
Since the potential drop in the sheath surrounding
the gridded anode is usually in the order of the first
ionisation potential ¢;,, [11, 12, 7], the potential on
the IFB electrode (in Volt) is given by:

¢IFB ~ d’pl + ¢ion + ¢d1ﬂss (2)

The term ¢4;ss describes the dissociation
energy, which only comes into play for molecular
gases and only if the dissociation energy is below
the first ionisation potential. This is the usual case
for most of the common working gases. Two mea-
sured examples of this potential jump in an IFB dou-
ble layer, namely in molecular hydrogen and he-
lium, are depicted in the following Fig. 2:

Since the dissociation potential has to be
supplied by the electric field of the IFB electrode
along with the ionisation energy, it has to be added
to Eq. (2) if needed. The potential drop on the edge
of the hydrogen IFB was measured with 18.2 V in
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Figure 2: Langmuir probe measurements of the plasma
potential from two different experiments. Ex-
perimental parameters: Ha - 7 x 1072 mbar,
Urrp +100 V vs. ground. He -p=1.5x 107"
mbar, U;pp +75 V vs. ground

Fig. 2. The dissociation energy of the hydrogen
bond is 4.4 eV, while the first ionisation potential of
atomic hydrogen is 13.6 eV. This sums up to 18 eV,
which is in perfect agreement with the presented
data. Helium, on the other hand, has its first
ionisation energy at 24 eV. Thus, the data for He in
Fig. 2 is less accurate but still lies within the typical
error bars of a Langmuir probe (10 - 15 %).

Furthermore, the plasma potential in a
quasi-neutral plasma with Maxwellian electron en-
ergy distribution is connected to the electron tem-
perature via [13, 14]:

Te 2M;
o B (2] e

where M; is the mass of the working gas
ion and m. denotes the electron mass. Solving Eq.
(3) for T, and using the expression for the plasma
potential from Eq. 2, one obtains:

2 (¢1FrB — Dion — Ddiss)
[1 +In (%)}

Plugging this expression for T, into the for-
mula for the Debye length and combining it with the
inequality for the requirement of minimal grid dis-
tance d yields:

T, = 4

€0 |2 (9178 — ion — Pdiss)
e\ [ (20)]
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It has to be noted that Eq. 4 gives the elec-
tron temperature in eV. However, for further cal-
culations, Sl units are used to keep things simple.
Hence, the factor %B is neglected in the expres-
sion for the Debye length from now on. This con-
verts the value for the electron temperature directly
into K. Solving Eq. (5) for the potential on the IFB
grid electrode and summarising all the natural con-
stants with the abbreviation Kyields in Sl units:

2

d
¢FB Z ((bion +¢diss) + § - K-

M (6)
“MNe - {1+ln(2 Z)}
TMe

Here K is a constant with the value of 1.8 -
108 V/m. Alist of the parameters of some common
working gases is shown in Tab. 1:

For example, a low-pressure helium
plasma with a background density (i. e. the plasma
density in absence of an IFB) of 5 x 10'%m =3 and an
IFB electrode grid constant of 200 microns would
require ¢;pp > 24.6eV + 4 x 1078/8 x 1.8 x
1078V /m x5x 10°m =3 x (1+1n(4513)) = 28.8 ~
30 V for igniting the IFB. It has to be emphasized at
this point that this is the absolute minimum voltage
requirement for keeping the IFB burning.

The following Fig. 3 shows different min-
imum voltages for IFB onset as a function of the
grid wire distance for a background plasma density
of 10'%m—3. It can readily be seen that the onset
voltage scales with the square of d, in accordance
with Eq. (6). However, the largest influence stems
from the ionisation and dissociation potential of the
working gas.

Another important quantity for IFB ignition
is the background plasma density. As shown in Fig.
4, increasing the background plasma density leads
to larger bias requirements for the IFB electrode.
This is because in order to establish full electric clo-
sure around the mesh, the Debye length has to be
large enough. Higher electron densities decrease
Ap, which needs to be compensated by a higher av-
erage electron temperature. The electron tempera-
ture, on the other hand, can partially be influenced
by stronger electric fields on the IFB anode. There-
fore, the minimum ignition voltage has to increase
with higher background plasma density.

It has to be emphasized at this point that
the approach in this paper is an abridged one that
only holds for noble gases and simple molecules.
The reason is that more complex working gas
species have higher masses (HMDSO, for example,
has about 252 x 10727 kg - an order of magnitude
more than methane). This leads to higher mini-
mum bias voltages on the grid electrode, especially
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Figure 3: The required minimum bias voltage (vs.
ground) for IFBs in helium, hydrogen, methane
and argon as a function of the grid spacing. The
plasma density was assumed to be constant at
Ne = 10°m =3

when the background plasma is very dense as well.
However, higher IFB voltage leads to electrons with
a higher kinetic energy that, in turn, shatter com-
plex molecules even further. If the initial working
gas molecule becomes more fragmented, the mass
of the ions is reduced. Thus, there can be a much
more complex interplay between the bias require-
ment, the mass of the ions, and the background
plasma density. In such cases, the complexity of
the IFB plasma system increases drastically and it
is not possible to find a simple analytic expression
for the IFB onset voltage. It might be possible to de-
rive an equation, which is analytically solvable but it
will be a very complicated one. This is beyond the
scope of this paper, which aims at providing a sim-
ple yet applicable formula for calculating the volt-
age requirements for IFB experiments. Eq. (6) rep-
resents an equation that can be used for an already
wide range of simple working gases. Most of them
are frequently used in fundamental physics exper-
iments but also in technological applications, such
as PECVD, plasma etching, or other types of plasma
surface modifications. Table 1 lists all the necessary
parameters that are needed to calculate the onset
voltage for some of the most commonly relevant
process gases.

lll. Summary and Outlook

In this paper a simple equation was derived that
predicts the minimal onset voltage of IFBs. It is
only based on a handful of easy-to-obtain param-
eters, some of them just material constants. Ex-
ample calculations for realistic experimental con-
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Gas species M; [10*27kg] bion [€V] - for atoms [15] Gaiss [€V]

Helium 6.6 24.6

Neon 334 21.6

Argon 66.4 15.8

Krypton 139.2 14.0

Xenon 218.0 121

Radon 368.6 10.7

Ho 0.85 (for the H atom) 13.6 4.4 [15]

Ny 11.6 (for the N atom) 14.5 9.8 [15]

(o2} 13.3 (for the O atom) 13.6 5.1 [15]

Cco 20.0 (for the C atom) 14.0 11.6 [15]

COs 33.3 (for CO) 13.8 5.5 for separating 1 O
[16]

CHy 24.3 (for CH3) 12.6 4.5 for separating 1 H
(7]

Table 1: Relevant physical parameters for the most important working gases. Note that the mass of the ions is given for

the (partly) dissociated molecules.
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Figure 4: The required minimum bias voltage (vs.
ground) for argon in different background
plasma densities as a function of the grid
constant.

ditions have been performed and the most impor-
tant parameters for commonly used working gases
have been listed for the convenience of the reader.
It was shown that the onset bias of an IFB is not
only dependent on the grid constant but also on
the ion mass and the ionisation and dissociation en-
ergy of the working gas particles. It is a very sim-
ple approach that provides a fast method to cal-
culate the bias voltage necessary for IFB ignition.
As is also pointed out in this paper, some complex
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process gases, such as HMDSO require a different
physical and mathematical treatment due to their
potentially complex interplay between bias voltage,
ionisation and fragmentation of the working gas
molecules. Finding a suitable relationship for more
complex gaseous compounds might be possible but
is beyond the scope of this work. Thus, this is left for
future investigations.
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Open Access This article is licensed un-
der a Creative Commons Attribution 4.0 Interna-
tional License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium
or format, as long as you give appropriate credit
to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate
if changes were made. The images or other third
party material in this article are included in the ar-
ticles Creative Commons license, unless indicated
otherwise in a credit line to the material. If mate-
rial is notincluded in the article’s Creative Commons
license and your intended use is not permitted by
statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit:
http://creativecommons.org/licenses/by/4.0/.
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