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Abstract

The plasma surface interaction is one of the most discussed topics in the field of
plasma physics. Novel in situ techniques are necessary to obtain a better understand-
ing of the plasma surface interaction during the plasma treatment. This thesis aims
to overcome the present barrier between plasma treatment and material analysis by
developing a microplasma cell intended for in situ transmission electron microscopy
(TEM) investigations.

A parallel plate atmospheric pressure DC normal glow microplasma discharge was
designed according to the necessary requirements given by the TEM and extensively
diagnosed using conventional and non-conventional diagnostics. Different electrode
materials (Au, Cu, ITO, Mg), electrode distances (50 pm, 100 um, 150 pm), working
gases (Ar, He), and electric potentials (positive vs ground or negative vs ground) have
been investigated. The current-voltage characteristics showed glow like behavior in
the current range of + 0.5mA to 3mA with electrode potentials of = 140V to 190V
for most experimental conditions. Constant current densities of 16 mA mm 2 for He
or 28mA mm 2 for Ar working gases could be determined by optical imaging of the
discharge. Sheath thicknesses in the range of a few pym were calculated based on the
collision-dominated Child-Langmuir law and their trends agree with optical imaging
measurements.

A cathode-favored asymmetric energy flux was measured probably caused by the
ions. Ion effects were also visible in the measurement process itself and in the elec-
trode surface modifications studied ex situ. The combination of electrical and energy
flux measurements allowed to determine high efficiencies of the discharge in the 90 %
region and effective secondary electron coefficients ranging from 1 to 1.6. Further, the
combination allowed to postulate an energy balance at the cathode and investigate the
power transfer from the plasma to the surface caused by ion effects. The power bal-
ance revealed significant differences in the power transfer mechanisms depending on
the working gas. These differences could be observed in the different plasma-induced
changes of an Au thin film coated onto an SiNy TEM grid. Ar as working gas results
in uniform surface modifications, as the power is transferred mainly in many small
doses via the kinetic energy of ions and fast neutrals. He results in desorption hot
spots in the thin film, as the power is mainly transferred in a few large doses via re-
combination of He ions on the surface.

Tetrapodal ZnO (t-ZnO) was etched in a capacitively coupled low-pressure H,-C,H>
plasma to create t-ZnO nanobrushes. The nanobrushes showed excellent H, gas sens-
ing properties due to their large surface-to-volume ratio. Still, in context of the in
situ microplasma cell, the etching process itself is of great interest, as the structural
changes of the t-ZnO could be observed very well in situ. The t-ZnO was also used
as example for highly porous ceramic framework materials to investigate the plasma
permeability into these highly porous materials. A novel approach using polymers as
marker materials was successfully demonstrated. Penetration depths in the range of
1.6 mm to 4 mm were found, depending on the experimental conditions.

A vacuum-proof housing for the microplasma was developed from two aluminum
shells and sealed by O-rings and epoxy. The in situ microplasma cell was successfully
assembled and introduced into the TEM. No microplasma could be ignited inside of
the TEM, as the conductive shells in combination with the doped Si based TEM grids
resulted in an avalanche diode circuit. The next generation of the in situ microplasma
cell will be built from ceramic shells to overcome this issue. Still, first images have
been taken in the TEM, proofing the capability of resolving 30 nm large structures,
despite the TEM electron beam passing through two 50 nm Au films on top of 35nm



SiN films and a 100 um He gas column. Furthermore, it was possible to obtain se-
lected area electron diffraction (SAED) patterns and energy dispersive X-ray (EDX)
spectra.
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Kurzfassung

Die Plasma-Oberflachen Wechselwirkung ist eines der am meisten diskutierten The-
men im Bereich der Plasmaphysik. Neuartige in situ Techniken sind notwendig um
ein besseres Verstandnis der Plasma-Oberflichen Wechselwirkung wahrend der Plas-
mabehandlung zu bekommen. Diese Dissertation zielt darauf die prdsente Barriere
zwischen Plasmabehandlung und Materialanalyse zu iiberwinden, indem eine Mikro-
plasmazelle entwickelt wird, welche fiir in situ Transmissionselektronenmikroskopie
(TEM) gedacht ist.

Eine Parallelplatten Atmosphédrendruck DC Glimmentladung wurde designet in Ein-
klang mit den Einschriankungen, die vom TEM vorgegeben waren und mittels kon-
ventionellen und nicht-konventionellen Diagnostiken intensiv untersucht. Verschie-
dene Elektrodenmateralien (Au, Cu, ITO, Mg), Elektrodenabstdnde (50 pm, 100 pm,
150 um), Arbeitsgase (Ar, He), und elektrische Potentiale (Positiv gegen Erdung oder
Negativ gegen Erdung) wurden untersucht. Die Strom-Spannungs-Kennlinien zeig-
ten das Verhalten einer Glimmentladung im Strombereich von + 0.5 mA bis 3 mA bei
Elektrodenpotentialen von £ 140V bis 190 V wihrend der meisten Experimente. Kon-
stante Stromdichten im Bereich von 16 mA mm~2 fiir He oder 28 mA mm ™2 fiir Ar
als Arbeitsgas wurden mittels optischer Bildgebung ermittelt. Randschichtdicken von
einigen ptm wurden auf Grundlage des stofsbestimmten Child-Langmuir Gesetzes er-
mittelt und mit optischen Messungen verglichen.

Ein asymmetrischer, vermutlich aufgrund der Ionen die Kathode bevorzugender, Ener-
giestrom wurde gemessen. Weiter waren Ioneneffekte im Messprozess selber sichtbar
und ebenfalls in ex situ durchgefiihrten Modifikationen der Elektrodenoberflachen.
Aus der Kombination von elektrischen und Energiestrommessungen konnten hohe
Effizienzen im Bereich von 90 % und effektive sekundér Elektronen Koeffizienten von
1 bis 1,6 reichend bestimmt werden. Weiter erlaubte die Kombination eine Energiebi-
lanz fiir die Kathode aufzustellen und die durch Plasmaionen an die Oberfldche tiber-
tragene Leistung zu untersuchen. Die Energiebilanz zeigte signifikante Unterschie-
de bei den Leistungsiibertragungsmechanismen der beiden Arbeitsgase. Diese Unter-
schiede waren ebenfalls in der unterschiedlichen Plasmamodifikation von Au Diinn-
filmen sichtbar, welche auf SiNy TEM Substraten abgeschieden wurden. Mit Ar als
Arbeitsgas wurde eine gleichméflige Oberflichenveranderung erzielt, da die Leistung
hauptsachlich in vielen kleinen Paketen durch die kinetische Energie von Ionen und
schnellen Neutralen tibertragen wird. Im Gegensatz dazu werden bei He als Arbeits-
gas Desorptionsbrennpunkte im Diinnfilm erzeugt, da die Leistung hauptsachlich in
wenigen groflen Paketen durch Rekombination von He Ionen an der Oberfldche tiber-
tragen wird.

Tetrapodales ZnO (t-ZnO) wurde in einer kapazitiv gekoppelten Hy-CoH, Nieder-
druckentladung gedtzt, um t-ZnO Nanobiirsten zu erzeugen. Die t-ZnO Nanobiirs-
ten zeigten exzellente H, Gassensor Eigenschaften aufgrund ihres grofien Oberfldche-
zu-Volumen Verhiltnisses. Dennoch, im Kontext der in situ Mikroplasmazelle, ist der
Atzprozess selbst von groflem Interesse, da die strukturellen Veranderungen des t-
ZnO gut in situ beobachtbar sein sollten. Weiter wurde das t-ZnO noch als Beispiel
fiir extrem porose, keramische Gertistmaterialien genutzt, um die Plasma Permeabili-
tdt in diese extrem pordsen Materialien zu untersuchen. Ein neuartiger Ansatz mittels
Polymeren als Indikatormaterial wurde erfolgreich demonstriert. Eindringtiefen im
Bereich von 1.6 mm bis 4 mm wurden bestimmt, abhidngig von den experimentellen
Bedingungen.
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Ein vakuumfestes Gehduse fiir die Mikroentladung wurde aus zwei Aluminiumscha-
len entwickelt und mittels O-Ringen und Epoxy-Kleber abgedichtet. Die in situ Mi-
kroplasmazelle wurde erfolgreich zusammen gebaut und ins TEM eingebracht. Kei-
ne Mikroentladung konnte innerhalb des TEMs geziindet werden, da die leitfahigen
Schalen zusammen mit den dotierten Si-basierten TEM Substraten einen Avalanche-
Dioden Schaltkreis gebildet haben. Die nichste Generation von in situ Mikroplasma-
zellen wird aus keramischen Schalen aufgebaut werden, um dieses Problem zu losen.
Dennoch, erste TEM Bilder wurden aufgenommen, welche die Moglichkeit beweisen
30 nm grofie Strukturen aufzuldsen, obwohl der TEM Elektronenstrahl zwei 50 nm di-
cke Au Filme aufgetragen auf 35 nm SiNy Filme und 100 pm He Gas Sdule durchdrin-
gen muss. Weiter konnte ebenfalls die Moglichkeit der Feinbereichsbeugung (SAED)
und der energiedispersiven Rontgenspektroskopie (EDX) demonstriert werden.
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Chapter 1

Introduction

Indispensable for today’s society, but still not commonly known, physical plasma
drives a lot of industrial sectors and is going to or already is influencing medical treat-
ments and energy production. How does it happen that the term plasma is rather
connected to the medical blood plasma and its importance is not commonly known?
The term plasma was first used by Irving Langmuir in 1928 [1] inspired by the blood
plasma as plasma contains ions and electrons embedded in neutral gas [2]. Before
plasma was named plasma, luminous effects have been studied for decades [3] and
were also already identified as "fourth state of matter" [4]. On earth, plasma can be
observed in nature during thunderstorms in the form of lighting or at night in the sky
as Aurora Borealis [5-7]. Besides these phenomena plasma on earth is mainly limited
to specialized industrial sectors and scientific laboratories. Its non-equilibrium char-
acter enables chemical reactions and surface modifications of temperature-sensitive
substrates, as the energy is mainly stored in electrons and ions which in most cases
only represent about 1 % of the plasma’s gas mixture [8-12]. These electrons and ions
can drive chemical reactions and surface modifications while only slightly heating the
neutral gas temperature and, thus, enabling modifications of temperature sensitive
substrates or even human skin [13-17].

Since the 1970s plasma methods such as plasma etching, plasma deposition and plasma
bonding have been developed on an industrial scale for the production of semicon-
ductor devices [18, 19]. Semiconductors and respective integrated circuits rely on
these plasma processes for their production, as today features of a few nanometers
can be etched over 1 pm in depths and controlled film deposition is possible down to
Angstroms [20-22]. Without these techniques it would not have been possible to keep
up with Moore’s law [23], as shrinking of the single transistor dimensions was neces-
sary to double the number of transistors per integrated circuit chip in each technology
generation [24]. The average price of a single transistor on such an integrated circuit
decreased by a factor of 100000 000 since the 1970s [18], enabling the affordability of
computers, smartphones and microelectronic devices. Worldwide 336 billion' USD
have been produced in semiconductor sales in 2014 and an ongoing growth of 10 %
annually was predicted [25]. Further, close to a quarter million jobs in the semicon-
ductor industry were estimated for the US in 2015, each of them directly supporting
4.9 times more jobs in the US [26]. Despite the already more than successful industrial
application, R&D expenditures in respect to sales are with 18.4 % higher than in any
other key industrial sector in the EU [27], showing the necessity to constantly improve
the processes and the general understanding of the plasma surface interaction.

In the beginning, motivated by the success of the plasma processes in the semiconduc-
tor industry, the optics and glass industry adapted the low-pressure plasma processes

11 billion equals 1 x 10° according to conventions of American English



2 Chapter 1. Introduction

for their products [28]. Capable of producing precise micro- and nanostructures to
improve functional and mechanical properties, such as scratch-resistance or hardness,
plasma-enhanced chemical vapor deposition (PECVD) became the technique of choice
to refine glass and even plastic surfaces [19, 29]. Not only glasses are coated with an-
tireflection coatings, also architectural glass and windshields can be equipped with
infrared blocking layers to ensure pleasant temperatures inside. In the near future,
smart and energy-harvesting windows will help to save energy [30, 31].

While most glass modifications are performed under low-pressure conditions, which
allow a more precise process control, different atmospheric pressure plasma sources
have emerged over the past decades [32, 33]. As they can be operated without vacuum
chambers at ambient pressure it is easy to integrate them into industrial assembly line
production for surface activation processes of polymers and textiles [34-37]. The sur-
face activation enables better adhesion between the treated polymer and ink or glue
as hydrophilic groups are formed at the surface of the polymer [38]. Thus, chemical
primers can be replaced by plasma treatment or even new processes can be estab-
lished. Several big industrial companies such as Volkswagen, Miele & Cie. KG, Ford
Motor Company, and BSH Bosch und Siemens Hausgerdte GmbH, have successfully
integrated plasma processes into their productions [39].

Another promising application of atmospheric pressure plasmas is the use of their an-
timicrobial efficacy in the field of plasma medicine [40, 41]. The cold gas temperatures
of non-equilibrium atmospheric pressure plasmas enable direct skin treatment and
can reduce the bacterial load in wounds [42]. Furthermore, a complex redox chem-
istry is produced by the plasma as well as ultraviolet (UV) radiation and electric fields
which all interact with the human body [40]. The complete mechanisms of action are
not yet fully understood, but first results are promising also for cancer therapy [43—
46].

In the near future plasma will also help to solve the global energy crisis by providing
a new, rather clean, and weather-independent energy source [47-49]. While the basic
concept of fusion is well known since the Cold War era, the technical realization is
quite difficult. Different concepts have been developed to confine the plasma either
by electric and magnetic fields or by inertia of the particles [11, 50-52]. Prominent ex-
amples for fusion experiments are the Wendelstein 7-X [53, 54] located in Greifswald,
Germany, based on the stellarator concept [55] and the International Thermonuclear
Experimental Reactor (ITER) [56-59] which is being built in Cadarache, France. ITER,
will be the largest experimental tokamak nuclear fusion reactor and aims to demon-
strate that magnetic confinement fusion is capable of producing energy.

Even apart from fusion, plasma is present already in today’s power distribution sys-
tems as arc discharges appear during switching of currents at high voltages. Special-
ized circuit breakers had to be developed to suppress these arc discharges, as they
would damage the plasma facing components, thus, limiting the life times of these
switches [60]. With increasing demand for renewable energy sources like off-shore
wind parks or solar thermal generation in the desert, electricity must be bridged over
greater distances. High-voltage direct current (HVDC) networks would help to re-
duce line losses but rely on the availability of HVDC circuit breakers [61]. To improve
these HVDC circuit breakers a better understanding and control of the during switch-
ing generated plasma, especially the plasma surface interaction, is necessary.

The given applications and examples only scratch the surface and can just provide an
impression of the importance of physical plasmas. The plasma surface interaction was
stressed in particular, as this thesis aims at providing new insights into this field with
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the ultimate goal of developing a microplasma cell for integration into a transmission
electron microscope (TEM). State of the art techniques are mostly limited to separa-
tion of plasma treatment and surface diagnostic by transferring the treated sample
from the plasma chamber into the respective diagnostic device. Thus, surface changes
only appearing during the plasma treatment or vanishing during the transport due to,
e.g. reactions with ambient species, are not recognized. Overcoming this transporta-
tion barrier and developing in situ diagnostics to better understand the plasma surface
interaction is one of the main challenges in the plasma physics community [14]. The
idea of introducing a microplasma into a TEM was first published in 2013 [62] and
showed plasma-induced gold thin film growths. In 2018 I had the opportunity to visit
the group of Prof. Dr. Gary Eden and discuss their in situ TEM experiments, learn-
ing about their problems and getting input for a good start for the project beginning
in 2019. Since their first and only publication in 2013 no similar achievements were
reported by them or other groups, as the technological requirements are quite high.
The microplasma cell has to fit into the specimen volume of the TEM which is the ac-
tual reason why a microplasma has to be chosen. Microplasmas have typically spatial
dimensions in the pm-range and are operated at atmospheric pressure [63—-66]. The
operation at atmospheric pressure is necessary due to the low electrode distance and
usually beneficial, as no vacuum equipment is needed. For TEM integration, however,
its problematic, as the TEM itself is evacuated to pressures below 0.001 % of an atmo-
sphere. Thus, the microplasma cell has to be sealed and withstand a pressure gradient
of over 8 orders of magnitude.

While a successful sealing is mandatory, the image mechanism of the TEM has to be
kept in mind. The electron beam has to be able to transmit through the microplasma
cell which limits the thickness of at least two parallel walls of the cell to a thickness of
ideally below 100nm. These surfaces are of course highly sensitive and any kind of
plasma instability like arcing onto them could result in destruction. The microplasma
cell would be evacuated instantly, making plasma ignition impossible and even worse,
the sudden pressure increase inside of the TEM leads to emergency shut down or mis-
alignment of the electron optics. Thus, stability of the microplasma and the whole cell
has to be ensured.

This thesis is structured as follows: First, plasma basics are addressed in chapter 2
followed by an introduction to the used plasma and surface diagnostics in chapter 3.
The developed microplasma source is introduced in chapter 4 as well as the results
obtained using the previously addressed conventional and non-conventional plasma
diagnostics. The diagnostics focus on the stability of the microplasma and the energy
flux towards the electrodes, as the plasma-induced surface modifications hopefully
will be observable in situ.

Ex situ studies of the microplasma-induced surface modifications given in chapter 5
connect them to the energy flux measurements and in a way benchmark what to ex-
pect from the in situ experiments.

In chapter 6 a small digression to low-pressure plasma treatments of highly porous
materials is made. These materials are of great interest due to divers application pos-
sibilities and might be well suited to be filled into the microplasma cell to image their
plasma modifications in situ. As preparation for the ambitious in situ experiments
a reactive plasma environment for the modification of the porous material has to be
found.

The design concerns and resulting development steps of the in situ microplasma cell
are given in chapter 7. Two similar designs with different boundary conditions will be
introduced as one is more versatile but harder to realize due to its smaller dimensions.



4 Chapter 1. Introduction

Within this thesis the smaller cell was not finalized due to time reasons and unavail-
ability of special components, but still the design could prove useful for future work.
Finally, images of the microplasma cell introduced into the TEM are shown in chap-
ter 8. Sadly, no microplasma could be ignited inside of the TEM yet, but the image
quality and accessible analytic techniques are discussed. The reasons why the mi-
croplasma could not be ignited and how the problems will be solved will be addressed
repeatedly throughout the thesis, specifically in chapter 7.

Chapter 9 concludes the thesis and shows future perspectives of the developed mi-
croplasma cell. Upcoming scientific challenges will be addressed as well as engineer-
ing concerns on building the next generation in situ microplasma cell with the avail-
able knowledge gained by this thesis.

In addition to the publications used within this thesis, several scientific projects have
been perused which are not directly connected to the development of the in situ mi-
croplasma cell. These are listed together with a few selected talks given at interna-
tional conferences in the appendix.



Chapter 2

Plasma Basics

2.1 Plasma - the fourth State of Matter

Plasma is a fully or partially ionized gas composed of ions, electrons and neutral gas
atoms. As "fourth state of matter" [4] it is created by adding additional energy to-
wards a gas to enforce a phase transition similar to melting ice. By adding heat to
the ice, it turns to water. Further heating of the water results in it turning into water
vapor. These phase transitions are temperature and pressure dependent. If an energy
input to a gas results in the creation of a considerable amount of ionized species and
free electrons the plasma state is reached. Based on various parameters such as pres-
sure or temperature plasmas can be characterized. The most important ones are the
electron and ion densities (n¢, ;) and temperatures (T, T;), latter are typically given
in units of energy, electron volt, where 1eV = ¢y/kg ~ 11600K. For most plasmas
these temperatures as well as the neutral gas temperature Ty differ from each other,
Te # T; # Tg. This non-equilibrium is important as already addressed in the intro-
duction and origins mainly from the mass difference between electrons and ions. But
also isothermal plasma with T, = T exists, e.g. in the solar plasma of the sun.

Here on earths, plasmas are usually generated by utilizing electric fields as the charged
ions and electrons can be influenced by them and, thus, electrical energy can be cou-
pled into the plasma. These charges also result in a collective behavior of the plasma,
as charged species are coupled by Coulomb forces. A short overview on the plasma
basics will be given, followed by the principles of plasma generation for direct current
(DC) and high frequency (HF) discharges. Reactive plasmas will be shortly broached
before the focus will be changed towards atmospheric pressure and more precise mi-
croplasmas. For more detailed insights, the interested reader is referred to different
textbooks [5, 8-12, 67-71] or review articles [15, 32, 63-65, 72-74].

2.1.1 Quasineutrality and Collective Behavior

Plasma contains electrons and ions, still it is created from neutral gas, thus, on a macro-
scopic scale it should stay neutral. The charge of the ions (g;) is usually positive, but
can also be negative if the plasma-forming gas is electronegative. In total, more posi-
tive, or highly positive charged, ions are needed to fulfill the quasineutrality condition,
as electrons are always negatively charged by one elementary charge e:

Y i — eone ~ 0. (2.1)
k

For the simplest case of only single positively charged ions Eq. 2.1 can be rewritten as
ni ~ ne which basically expresses the plasma creation from neutral gas. Still, on the
microscopic scale the quasineutrality can be violated and space charge zones formed.
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These zones tend neutralize themselves on short timescales due to the collective be-
havior of plasmas.

The collective behavior characterizes a plasma and is based on Coulomb forces which
describes the electrostatic interaction. In a neutral gas, particles only interact on short
distances (r) during collisions due to the r~® dependency of the van der Waals force.
The Coulomb force, on the other hand, decays comparably slow with a r2 depen-
dency, thus, a large number charged particles interact which each other in a plasma
[11].

The introduced principles of quasineutrality and collective behavior are necessary to
define a plasma as follows:

“A plasma is a quasineutral gas of charged and neutral particles which exhibits collective be-
havior.”[8]

2.1.2 Debye-Shielding

The effect of the collective behavior becomes visible if an external, point-like extra
charge Q is placed into a plasma. The Coulomb forces will lead to an attraction of
electrons towards the extra charge Q while ions will be repelled from Q. Depending on
the kinetic energy of the electrons and ions, their trajectories will be bent by the electric
potential of Q. Higher kinetic energies result in stiffer trajectories, therefore the zone
disturbed by Q should be increased with higher T, and T;. Within this disturbed zone
the quasineutrality will be violated, but due to the collective behavior of the plasma
the disturbing charge Q will be shielded by electrons and ions with the result that the
quasineutrality is fulfilled on a macroscopic scale.

The size of the disturbed zone can be determined starting with a statistical description
of the electrons and ions thermal motion. The so-called Boltzmann factor

exp (eo® (1) /kgT), (2.2)

where ®(r) denotes the electric potential, is used to calculate the number of charged
species in the thermal distribution that have overcome the electric potential barrier.
Poisson’s equation is used to obtain a self-consistent solution for the electric potential,
as it is modified by the charged particles. This approach results in a second order
differential equation which solution is given by the Debye-Hiickel potential [75] or
sometimes called Yukawa potential [11]:

@ (r) = 47‘[801’2 e, (2.3)
€0 is the vacuum permittivity and Ap is called the Debye shielding length (or lin-
earized Debye length), the distance were only 1/e of Q’s potential is present. The
Debye length Ap is composed of the electron Debye length Ap. and the ion Debye
length Ap; in a way similar to a parallel circuit of two resistors in electricity, as in the
shielding process electrons and ions work in parallel [11]:

1 1 1

— =+ —,
Ay Abe Ab

kg T, kgT;
Ape = 4|2 Bze Api = |2 Bz (2.5)
\| 162 nie

(2.4)

with
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as solutions of the differential equations. As expected, with increasing T, ; the shield-
ing length increases as the trajectories are stiffer. Further, the shielding length de-
creases with increasing 7, ; as more charged particles increase the shielding efficiency.
To fulfill the quasineutrality condition it should be clear that the spatial dimensions of
a plasma have to surpass its Debye length.

After the spatial dimensions have been addressed a closer look at the necessary time
scale to achieve quasineutrality is taken. The electron and ion velocities (i) can be
assumed to be thermal (ue; ~ (kpTei/ me,i)l/ 2), if the disturbing charge Q and its po-
tential is small. The response time T of the electrons and ions is the time needed to
travel the respective Debye length Te; = Apepi/utei. More commonly used is the so
called electron or ion plasma frequency wpepi which is the inverse of the response

time T:
2
Uei Ne i
wpe,pi == = ~0 . (26)
Aeji €0Mei

The mass dependency results in electrons reacting faster towards disturbing poten-
tials. The collective behavior and quasineutrality can thus only be achieved if the

plasma exists for a longer time period than the electron response time 7. = w};el.

2.2 Plasma Generation

For most technical applications the gas is converted into plasma by the introduction
of electrical energy. An electrical breakdown is generated in the gas and a subsequent
current flow results in the electrical discharge. Depending on the power source, elec-
trode arrangement, and working pressure, different kinds of plasmas can be realized.
Still, the gas breakdown mechanism is similar in all of them and is going to be intro-
duced first, followed by a more detailed look at plasmas generated by direct current
(DC) and high frequency (HF) sources.

2.2.1 Gas Breakdown

For an electric current flow through a plasma a sufficient number of charge carriers
(electrons and ions) is necessary. These are mainly generated within the gas volume
itself. Free electrons created by, e.g., cosmic radiation, are accelerated in the exter-
nally applied electric field and after a typical mean free path of ionization Ay the elec-
trons have gained sufficient energy to ionize a gas atom upon collision. The ionization
process results in an electron-ion pair additionally to the colliding electron, thus, two
electrons are now accelerated in the electric field, creating additional ion-electron pairs
after A1 and doubling again. An electron avalanche is created as illustrated in Fig. 2.1.
The ions are also accelerated in the electric field towards the cathode. Upon impact
they have a certain chance to emit a free electron out of the surface. This electron can
start the next electron avalanche. For a self-sustained discharge, sufficient ions have to
be created and reach the cathode within one avalanche process to result in the release
of a free electron to start the next avalanche.

The process is described by the number of additional electrons dn. per traveled dis-
tance dz created of the existing electrons 7. with a given probability a = A" L,

dne

& - Mg, (2.7)
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Cathode
Anode

FIGURE 2.1: Schematic of the electrical breakdown process of a gas by
an electron avalanche. Neutral gas atoms are drawn as circles, becom-
ing ions (pathway marked with + and solid lines) after an ionizing elec-
tron collision. Pathways of electrons are marked with - and dashed
lines. An electron emitted from the cathode can start the process or al-
ready present free electrons in the gas created by e.g. cosmic radiation.

« is called the first Townsend coefficient and it describes the already addressed elec-
tron impact ionization which is for this reason also called a-process [76]. The differen-
tial equation is solved by an exponential electron growth process

e (d) = ne (0) exp (ad), 8)

where the position 0 denotes the cathode and d the anode, as the electrode distance
is defined as d. Based on the idea of an equal amount of electrons and ions produced
within the avalanche process, the ion flux to the cathode I’ (0) should be equal to
the electron flux reaching the anode I'c (d) reduced by the electron flux leaving the
cathode T, (0):

I (0) =Te (d) —Te (0> : (2.9)

Note that the directions of the fluxes is neglected here as only the amount of particles
is necessary within the present context. The electron fluxes are given by the electron
density 7, electron mobility p. and the applied electric field E:

Te (x) = ne (x) peE, (2.10)

and, thus, only differ in the spatially dependent electron density. The difference in
the electron density is given by the exponential factor which emphasizes if Eq. 2.9 is
rewritten to

T; (0) = —T (0) (e”‘d - 1) . (2.11)

With the introduction of v = T’ (0) /T (0), which describes the probability of releas-
ing an electron from the cathode upon ion impact, Eq. 2.11 becomes

y (e“d - 1) 1. (2.12)

The < coefficient is called secondary electron emission (SEE) coefficient or second
Townsend coefficient and plays a crucial role for the plasma surface interaction. De-
spite being normalized to incident ions, also other processes such as impacting meta-
stable atoms or photoemission by UV radiation can result in the release of electrons.
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Gas A/ Pa'm?! B / VPa Im!

Air 10.95 273.8
Ar 10.2 176.3
He 2.25 25.5

TABLE 2.1: Gas characteristic constants for Townsends empirical law
and the Paschen law [83].

Thus, one has to distinguish between purely ion induced SEE emission and effec-
tive SEE emission as these parameters can differ significantly from each other [77-80].
Here, the effective SEE coefficient is meant to formulate the balance equation Eq. 2.12
which has to be fulfilled for the gas breakdown and a self-sustained operation of the
plasma.

2.2.2 Paschen Law

The dependency of gas breakdown on the electrode distance d and the pressure p
(hidden in the mean free path of ionization A1) was first observed in 1880 [81]. In 1889
Paschen formulated the famous Paschen law [82], which empirically describes the
dependence of the necessary breakdown voltage U,q on the product of pressure and
electrode distance pd. Townsend connected his balance equation with an empirical
law for the dependence of a on the electric field, which resulted also in the Paschen
law, showing that the Paschen law was a special case of a more general similarity
theorem [65, 76].
Townsend’s empirical law

« B

» Aexp < E/p> (2.13)
depends on two gas characteristic constants A and B. Metaphorically speaking, the
left-hand side of the equation represents the electron multiplication per mean free path
and the E/p term in the exponential function represents the energy gain of an electron
per mean free path. Combining Eq. 2.13 with the balance equation for self-sustained
operation (Eq. 2.12) and substituting the electrical field E necessary for breakdown
with the breakdown voltage Upq = Ed results in the Paschen law:

Bpd

Uod = & (pa)

. A

with C=1In <ln it 1/7>> . (2.14)
The importance of the Paschen law becomes visible if the so-called Paschen curve is
plotted as it is done in Fig. 2.2 for three different gases. The gas dependent constants
A and B are listed in table 2.1. The value 0.1 was chosen as  for all gases.

The necessary breakdown voltage Uyq is plotted on the y-axis vs. the pressure distance
product pd on the x-axis. All curves show a pronounced minimum for the breakdown
voltage Upq, which can be explained by the following: On the left side of the minimum
too few atoms are available for ionization between the electrodes. On the right side,
too many atoms are present, resulting in not enough energy gain per mean free path
of the electrons. Thus, the mean electron energy is insufficient to create an electron
avalanche. Higher electric fields and, thus, higher breakdown voltages, can compen-
sate for these effects.

For most cases the Paschen law can be used to gain reliable breakdown voltages. For
the design of a whole plasma reactor or just an electrode arrangement it is necessary to
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FIGURE 2.2: The Paschen curves exemplarily given for air, argon and
helium to highlight the solely dependence of the breakdown voltage
Upq on the product of pressure and electrode distance pd.

optimize the pd product to achieve an efficient plasma generation. While low-pressure
plasmas usually have larger spatial dimensions, their atmospheric pressure counter-
parts are restricted to small spatial dimensions as the pressure is high and, thus, the
electrode distance has to be small.

At very small electrode distances below roughly 10 pm at atmospheric pressure, de-
viations from the Paschen law have been found in a way, that the breakdown voltage
decreases while moving towards smaller pd products and no characteristic minimum
is found [84-86]. Electron field emission from the cathode was found as origin of
these deviations [86, 87]. The small electrode distances result in high electric fields,
enabling field emission and, thus, creating a new electrode source term which can be
amplified by the a-process. These deviations have to be kept in mind for the design of
microplasmas which will be introduced in section 2.3.

2.2.3 Direct Current (DC) Plasma

A direct current (DC) can be used to maintain the plasma state. After plasma ignition
the plasma itself acts as resistor in the electric circuit. The current flowing through the
plasma influences its resistivity and, thus, the voltage drop across the discharge gap
also changes, resulting in different discharge regimes. These discharge regimes and
their typical current voltage characteristics are shown in 2.3.

The rather untypical procedure of current variation and measurement of the result-
ing voltage drop across the plasma is realized by a variable series resistor. Starting
with a high series resistance and no plasma ignition, the total resistance of the circuit
is infinity, as the plasma electrodes act as capacitor. Thus, the applied voltage drops
across the electrodes and a plasma can be ignited if the necessary breakdown voltage is
reached. Even before breakdown currents in the nA-range can be measured as a result
of free electrons created by background ionization which are accelerated in the elec-
tric field. A sufficiently strong electric field leads to the a-process and, thus, a current
increase through the electrode gap. The voltage approaches the breakdown voltage
and for discharge currents up to 1A, the discharge regime is called Townsend dark
discharge as no luminosity is visible in the discharge gap. The discharge voltage stays
close to the breakdown voltage and is nearly independent of the current.
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FIGURE 2.3: The current dependent discharge regimes of a direct cur-
rent plasma. Adapted from [68], Fig. 4.12.

In succession to gas breakdown, a current increase results in a decreased voltage drop
across the plasma as the resistivity of the plasma drops. Luminosity is only visible in
the cathode region and the regime of decreasing discharge voltage is called subnormal
glow. A typical feature of the subnormal glow region is a hysteresis phenomenon. De-
creasing the current again does not result in a discharge voltage increase at the same
threshold current. The already ignited plasma results in the creation of secondary
electrons at the cathode, enabling plasma operation at lower currents.

In the current range from roughly 0.1 mA to 10 mA, the normal glow regime is found.
The discharge voltage is independent of the current and the electrode gap is filled
with typical luminous regions discussed in context of Fig. 2.4. Current increase in this
regime results in a growth of the discharge channel dimensions until the full cathode
is covered. The current density is almost constant during this growth process. As soon
as the full cathode is covered, further current increase results in a rise of the discharge
voltage. The current density and plasma resistivity are increasing in the so-called ab-
normal glow regime.

The increase in the discharge voltage rapidly changes to a fast decrease at about 1 A.
The beginning of the negative differential resistance marks the glow to arc transition
point. The arc discharge regime is divided in a non-thermal and a thermal arc region
which differ whether the electron and ion/neutral gas temperatures are in equilibrium
or not. The glow to arc transition marks the beginning of thermionic emission of elec-
trons from the cathode. These additional electrons result in the negative differential
resistance and the subsequent drop of the discharge voltage.

For most technical applications glow discharges are intended as they are operated
in the non-equilibrium regime and are stable due to their ohmic behavior. If a large
plasma area is striven for, such as plasma surface treatment, the transition region be-
tween normal and abnormal glow discharge is chosen, as the full cathode are is used
and the increasing resistivity with increasing currents stabilizes the discharge against
fluctuations.

In the glow regime several distinct luminous and dark zones can be found in the inter-
electrode gap. These zones are another characteristic typical for a glow discharge and
could help to verify the successful built up of a DC glow discharge. In addition to the
visible, luminous zones, characteristic trajectories of plasma potential, electric field
and net charge density can be found and are shown in Fig. 2.4. Close to the cathode
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FIGURE 2.4: Typical luminous regions of a DC glow discharge and
other characteristic values. Adapted from [68], Fig. 9.4.

the Aston dark space is located. It contains slow electrons accelerating from the cath-
ode. The energy of the electrons is too low to excite or ionize atoms, thus, the region
is dark. Further, the electrons lead to a negative space charge and the electric field in
this region is maximized.

The Aston dark space is sometimes overlaid by the cathode glow, a luminous region,
which emission is caused by excited sputtered! atoms from the cathode or positive
ions moving to the cathode. The ion density in this region and the adjacent cath-
ode (sometimes called Hittorf or Crookes) dark space is quite high and a positive net
charge carrier density is found.

The cathode dark space concludes the cathode region, which edge is found at the
boundary between the cathode dark space and the negative glow. Most of the ap-
plied voltage drops across the cathode region, which is reflected in the electric field.
The voltage drop, called cathode fall, results in most power being dissipated in the
cathode region, accelerating electrons to energies sufficient for ionization. The size of
the cathode fall will adjust in a way that the corresponding pd product establishes the
minimum in the respective Paschen curve.

The negative glow is the brightest region of the discharge. Electrons accelerated by
the cathode fall ionize and excite gas atoms. The electric field in this region is the low-
est of the whole discharge, still ions drift towards the cathode into the negative glow.
Electrons slowed down due to the energy loss on ionization keep on moving towards
the anode into the Faraday dark space.

ISputtering is a phenomenon were atoms are ejected from a solid surface due to bombardment of the
surface with energetic particles and will be addressed in section 2.4.4.
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In the Faraday dark space again mainly low energy electrons are present resulting in
a negative charge density and no emission. Some electrons even drift back in the di-
rection of the negative glow and recombine there with ions as the local electric field is
reversed due to the local charge carrier densities.

Most electrons accelerate again in the Faraday dark space and enter the positive col-
umn. Here a quasi-neutral plasma is present and the electric field strength is just
about high enough to maintain the required amount of ionization for secondary elec-
tron production at the cathode. The positive column usually shows a continuous,
uniform glow which can be disturbed by spontaneous moving ionization waves trig-
gered by instabilities. The length of the positive column can vary depending on the
available electrode distance. While the length of the cathode region is fixed by the
Paschen law, the length of the positive column will grow or shrink to fill the available
space. In extreme cases the positive column can even shrink down to non-existence.
A microplasma is one of these extreme cases, therefore no positive column should be
existent. Furthermore, the short mean free path at atmospheric pressure should result
in a heavy shrinking of all regions and most probably only the negative glow and two
dark regions at the sides will be visible.

On the anode side of the positive column, the anode glow can be found, a region with
slightly stronger emission. It marks the boundary of the anode sheath? and is not al-
ways visible.

The anode dark space concludes the different regions in the simplest low-pressure
DC discharge and again has a negative space charge, as electrons get extracted from
the positive column. The electric field rises again as the plasma shielding influence is
missing. The electrons are lost for the discharge as soon as they reach the anode. The
a-process leads to more electrons leaving the discharge towards the anode than enter-
ing it via the cathode which is compensated by ions as positive charge carriers move
towards the cathode. In different discharge regions, especially close to the electrodes,
different charge carriers are dominant for the current flowing through the discharge.
These are important for any kind of plasma surface interaction and, thus, will be dis-
cussed in detail.

2.2.4 Plasma Sheath

If the plasma comes in contact with a surface, the quasineutrality is locally broken.
The collective behavior leads to a shielding of the surface potential independent of the
actual potential of the surface. The boundary layer needed to restore the quasineutral-
ity is called plasma sheath. The sheath appears darker compared to the bulk plasma
which is a first hint of electron depletion as these are needed to excite neutral atoms.
Further insight into the sheath is necessary to understand, which species are present
and, thus, can interact with the surface.

First, the contact of plasma with a plane surface is illustrated in Fig. 2.5. The surface
is electrically floating. Electrons will reach the surface first due to their higher ther-
mal velocity and mobility and will charge the initially uncharged wall negative. The
negative potential repels electrons and attracts ions which results in an equal electron
and ion flux to the surface. The self-stabilizing fluxes lead to a floating potential of the
surface. The negative floating potential breaks the quasineutrality in the sheath with
a thickness d; as electrons are pushed out. The quasineutrality is restored again in the
presheath with dimensions of roughly the ion mean free path A, ; as a collisionless

2The plasma sheath will be discussed in the next section 2.2.4 as it is the key region for any kind of
plasma surface interaction.
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FIGURE 2.5: Schematic of a plasma surface boundary layer. The

quasineutrality is broken in a region with the thickness ds; the so-called

sheath. An again quasineutral presheath with a comparable size to the

ion mean free path Ang,; connects the plasma bulk with the sheath.
Adapted from [11], Fig.7.1.

sheath (p < 0.5Pa [88, 89]) is assumed here for simplicity.

Child-Langmuir Law

In the next step, an external potential is given to the surface in a way that the potential
difference between the surface and the sheath edge is large compared to the thermal
electrons |® (0) — ® (—ds)| > kpTe/ep. The Boltzmann factor ensures only a few
electrons can overcome the potential barrier, thus, the electron density becomes

e (x) = ne (—ds) exp <eo (® (X)kB_TZD (_ds))> . (2.15)

With the assumption of a collisionless sheath, the ion velocity u; (x) in the sheath is
given by energy conservation:

Sl (3) o (x) = g (~ds) + e (~ds) (2.16)

with an initial velocity uy = u; (ds) and setting ® (—ds) = 0 to be

ui (x) = 4 [ub — 2602(3(). (2.17)

For a steady-state solution for the ion flux towards the surface without ionization or

recombination in the sheath, the velocity can be combined with the continuity equa-
tion n; (x) u; (x) = n; (—ds) up to obtain the reduced ion density:

_ 2¢p® (X)} e ‘ (2.18)

miu3

ni (x) = n; (—ds) [l

Poissons” equation is used to self-consistently determine the electric potential distri-
bution and ion density. Assuming 2ey|® (x) | > m;u3, which states that the ions gain
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much more energy due to the acceleration in the sheath compared to their initial en-
ergy, Poissons’ equation becomes

eon; (—d 200® (x)\ /2
CI)N (X) ~ _ 0 e(o S) (_ Sniu(% )> ) (219)

Solving the differential equation and introducing the (constant) ion current density
ji = eon; (—ds) up the potential distribution in a space charge sheath reads [11]:

Y2 \3 i\ s
which can be rephrased using the total voltage drop across the sheath U to connect
ion current density ji, sheath thickness ds and the voltage drop U = & (—ds) — P (0):

.4 [2e U2
]i:§€0 ETE (2.21)

Equation 2.21 is the famous Child-Langmuir law for the collisionless sheath [90, 91].
Further, the initial ion velocity ug of ions entering the sheath can be clearly defined
following the Bohm-criterion [11, 92]

kg Te
mj

Upg = 0B = (222)

and vp is the so called Bohm velocity.

Another quantity which can be determined for the collisionless sheath is the potential
and the electron and ion density at the sheath edge. The ions are accelerated to the
Bohm velocity vg in the presheath and, thus, the potential at the sheath edge can be

estimated to be
kT,

D (—ds) =~ 2 e

(2.23)

based on the energy conservation 1/2m;v3 = 1/2kgTe. Accordingly, the electron and
ion density can be estimated with the Boltzmann factor similar as done in Eq. 2.15:

EQCI) (—ds)

ni (—ds) = ne (—ds) = nepexp ( foT,

1
) = N, EXP (—2> ~0.61neo, (2.24)

where 1, represents the electron density in the plasma bulk.

Collisional Sheath

For the collisional sheath the situation is way more complex as, e.g., the energy con-
servation has to account for collisions. Further, already for weakly collisional plasmas,
a unique sheath edge position is not exactly defined and is a matter of definition [93].
Numerical calculations including kinetic treatment of collisions have to be performed
to calculate the sheath thickness, transitions regions, ion velocities and electric poten-
tials [94, 95]. For a detailed description the reader is referred to the given literature as
only a few relations will be given here for comparison with the collisionless sheath to
give an impression of how collisions affect these.

For a highly collisional plasma were the ion mean free path An,; is in the order of or
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is limited due to the large number of collisions. The sheath width ds becomes

even below the Debye length Ap s near the sheath edge, Ay < Ap, the ion mobility

1/3

d ~ K (Abed)' " & (k)2

ADs , (2.25)

where K is a coefficient of order unity, Ape the electron Debye length in the plasma
bulk, Aps the Debye length near the sheath edge and 4 the electrode distance [96].
K was later identified to be dependent on the ionization frequency vi, and the ion-
neutral momentum transfer frequency vmi, K ~ 2.2 +10g1¢ (Viz/Vmi) [97].

The initial ion velocity while entering the sheath is reduced due to the collisions and
lies below the Bohm velocity vp:

Ug =~ UB\/ C)\mfp,i/)\D,s ’ (2-26)

where C is again a coefficient in the order of unity [98].

In addition, the Child-Langmuir law has to be modified to take collisions into account
as the assumption of energy conservation fails. If the ionization within the sheath re-
gion is negligible the continuity equation still holds, but the ion velocity now depends
on the ion mobility y; which itself is a function of the ion mean free path Apg,; and
the ion velocity ;. For an intermediate pressure regime (0.5 Pa to 20 Pa [88, 89]) Amfp i
is found to be relatively independent of u; and can thus be assumed constant [9]. Uti-
lizing Gauss’ law and performing two integration results in the collisional form of the
Child-Langmuir law for the intermediate pressure regime where A ; is independent

of u; [9]:
. 2 /(5 3/2 2eO/\mfp,i LI3/2
=3 <3> N Tm B 227

For the high pressure case (above 20 Pa [88, 89]) the ion mobility y; itself is found
independent of the ion velocity u;. Following the same steps as before results in

.9 u?
Ji = §€0V1LTS (2.28)

the Child-Langmuir law for a highly collisional sheath. Depending on the pressure
regime the scaling of the ion current density j;, or total current density if the current
in the sheath is not mainly driven by ions [9], with the voltage drop U and the sheath
thickness ds change. Thus, knowledge about the collisional regime is necessary to
make predictions about the relation between j;, U and ds. For the development and
validation of microplasmas within this thesis, the highly collisional Child-Langmuir
law will be utilized, as these microplasmas are operated at atmospheric pressure. If it
is possible to experimentally determine j;, U and ds, and these values fulfill Eq. 2.28,
an additional proof for the successful built up of a glow discharge could be given.

2.2.5 High Frequency (HF) Plasma

An alternative way for plasma generation is the usage of an electrical high frequency
(HF) signal with alternating applied voltages instead of the time invariant direct cur-
rent (DC). Despite the fact, that no HF signal was used for the generation of the
microplasma, several experiments of the present thesis have been performed in a
low-pressure HF plasma and, therefore, its foundations are adressed here. HF plas-
mas, sometimes also called rf (radio frequency) plasmas, are realized utilizing radio
waves with frequencies between 1 MHz and 100 MHz. Usually, and also in this thesis,
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FIGURE 2.6: Schematic sketches of different possibilities to generate a
capacitively coupled HF plasma (CCP) in a grounded vacuum cham-
ber. A matchbox uses variable capacitors and inductors to match the
plasmas impedance to the typically 50 Q2 output impedance of the HF
generator. a) A symmetric CCP setup as both electrodes have the same
area. b) An asymmetric CCP setup with a larger grounded electrode. c)
Again an asymmetric CCP utilizing the vacuum chamber walls as elec-
trodes.

13.56 MHz and its harmonics are used for plasma generation, as these frequencies are
approved for technical applications. According to Eq. 2.6 with typical electron densi-
ties in the range of 10> m~3 to 10! m~3, the electron plasma frequency is in the range
of GHz while the ion plasma frequency is comparably slow in the low MHz range.
Electrons exposed to an alternating electric field with a frequency of 13.56 MHz can
follow the field smoothly while ions are too inert and rest in the plasma bulk only
reacting to mean electric fields.

Electrons typically reach energies in the range of 1eV to 5eV and collide with neutral
gas atoms creating new electron ion pairs due to impact ionization. Kinetic energy,
however, is barely transferred due to the large mass difference between electrons and
ions or neutral gas atoms. The ion and neutral gas temperature consequently stays
near room temperature at roughly 25 meV = 290K, which enables the plasma treat-
ment of temperature sensitive materials [69]. An advantage of HF plasmas is the pos-
sibility to use dielectric electrodes or place insulating samples on the electrodes. In
DC plasmas the dielectric between the electrodes prevents a current flow, thus, no
plasma can be ignited. The HF alternating electric field results in a displacement cur-
rent which creates an indirect contact between electrode and plasma.

The forming plasma sheath is time-dependent for alternating electrical fields, as the
formed positive space charge region in the sheath is either enlarged as electrons are
pushed away from the electrode during the negative half cycle of the alternating cur-
rent or narrowed during the positive half cycle [99]. The relations discussed in sec-
tion 2.2.4 for the DC case are also applicable in HF plasmas. The time averaged elec-
tron and ion current density as well as an averaged, DC-like, voltage drop across the
sheath is again connected with the sheath dimensions via the Child-Langmuir law
with a small change. The sheath thickness enlarges by a factor of 1/50/27 ~ 1.36 in
the collisionless case due to the time averaging of the electron and ion densities [9].
Capacitively coupled HF discharges can either be symmetric or asymmetric depend-
ing on the electrode setup. Fig. 2.6 shows schematic sketches of capacitively coupled
plasma (CCP) reactors for both cases. In the symmetric case (Fig. 2.6a) the plasma
facing area of both electrodes is equal. Changing the area ratio to values except for 1
results in an asymmetric CCP (Fig. 2.6b & 2.6 ¢).

A plasma sheath is formed at both electrodes and in the symmetric case the voltage
drop across both sheathes is identical. Based on the continuum equation the current I
or the amount of charge Q flowing through both electrodes indexed with , and }, has
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to be equal, _ '
Li=1  Qa= Q. (2.29)

Thus, the amount of charge transferred during one period of the HF signal Q is also
equal Q, = Qp. Assuming the the plasma electrode transitions as series circuit with
two parallel plate capacitors C, and Cp, [100], the voltage drop across both sheath re-
gions can be expressed as follows:

- _ A
Qa,b = ua,bca,b = €0 ua,b %/ (230)

s,ab
where A, 1, denotes the electrode areas. A direct connection between the electrode ar-
eas, the mean voltage drop and the mean sheath thickness is found utilizing Q, = Qp:

= Ap—2. (2.31)

Further connections between the voltage drop across the sheath and the sheath’s di-
mensions are found based on the Child-Langmuir law for the collisionless sheath
(Eq. 2.21), the intermediate pressure regime (Eq. 2.27), or the high pressure case (Eq.
2.28). Provided that an equal current density is present at the electrodes the following
relations can be derived:

3/2 3/2
US’/ Uy

collisionless: =2 (2.32)
di,  dZ,
(1372 US/Z
intermediate pressure: ;—/2 = %/2 (2.33)
dsfa dgh,
12 72
high pressure: - = Tb (2.34)
ds,a ds,b

Combining these equations with Eq. 2.31 results in three expressions which connect
the voltage drops with the electrode areas:

- 5/2..3..4
U _ <Aa) . (2.35)
Uy, Ap

The theoretical exponent depends on the pressure regime. Experiments showed the
exponent being slightly below 5/2 [9].

Equation 2.35 closes the loop to Fig. 2.6 and the reasoning to differentiate between
symmetric and asymmetric CCPs. In asymmetric CCPs an additional voltage at the
smaller electrode is necessary to fulfill the equal charge transport requested by the
continuum equation and assumed in the preceded derivation. A DC self-bias forms as
a result of the geometrical asymmetry if the smaller electrode is galvanically isolated
as its usually the case due to capacitors in the matchbox. The forming self-bias is usu-
ally negative and, thus, accelerates positive ions towards the smaller electrode. The
additional kinetic energy of the ions can be used to enhance plasma surface processes
discussed in section 2.4 and can be therefore beneficial.
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FIGURE 2.7: Paschen curves for air, Ar and He at a fixed pressure of

101325Pa (1atm) and <y value of 0.1. The fixed pressure results in a

solely dependence of the breakdown voltage U4 on the electrode dis-
tance d.

2.3 Microplasma

A microplasma, sometimes also called microcavity plasma or microdischarge, is "a
weakly-ionized, nonequilibrium plasma spatially confined to a cavity having a characteristic
dimension d between nominally 1 um and 1mm [...]" [63]. According to the Paschen law
(cf. section 2.2.2), the gas pressure p has to be in the range of or even above atmo-
spheric pressure to obtain favorable pd products for plasma ignition. Fig. 2.7 shows
the Paschen curves for atmospheric pressure (101325Pa) and a 7y-value of 0.1. The
fixed pressure results in a solely dependence on the electrode distance. The minima
are found at 30 pm for He or 6 um for air and Ar, respectively, which indicate optimal
electrode distances for the discharge design.

Aside from their ability to be operated at and above atmospheric pressure, microplas-
mas combine several unique properties. Their characteristic specific power loadings
are in the range from 10 x 10* Wem ™3 to 10 x 10° W em 3 which is of particular im-
portance for the efficient production of radiation from short-lived atomic or molecular
species [63]. Their small volume enables these high-power densities but also aggra-
vates the plasma diagnostics. Thus, diagnostics are mostly limited to optical diag-
nostics and electrical measurements. Also, plasma modeling was performed on dif-
ferent microplasma geometries confirming measurement results and delivering new
insights [101-105]. The electron energy distribution function (EEDF) was found to be
non-Maxwellian independent of the discharge geometry. The short mean free paths,
among other things, is the origin of the non-Maxwellian behavior. The electron tem-
peratures T, can locally reach up to 5eV or even higher values if the discharge is
operated in a pulsed operation mode. Mean values for T, are typically in the range
of 1eV to 2eV. Electron densities 1. were found six orders of magnitude larger com-
pared to typical low-pressure plasmas reaching from 1 x 10! m=3 to 5 x 102 m~3 in
noble gases depending on the operation mode and from 1 x 10 m 3 to 1 x 10> m 3
in atmospheric air. While operated in noble gases and below atmospheric pressure,
the non-equilibrium state is achieved and gas temperatures are found close to room
temperature. For atmospheric air, on the other hand, the neutral gas was heated up to
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FIGURE 2.8: Schematic sketch of different MHCD setups where A de-
notes the anode and C the cathode. Adapted from [64], Fig. 2.

2000K. A list of these typical parameters as well as the applied diagnostic for deter-
mination and the literature sources for more information is given in table 2.2.
Microplasmas have been realized in various setups. These setup designs were in the
beginning motivated by the pure possibility of realizing stable discharges at high pres-
sure but rapidly the setups were designed directly for different applications. The first
and most of the diffuse microplasmas have been realized with hollow cathode setups.
The basic idea of a hollow cathode is to increase an electrons path to the anode, en-
abling more ionizing collisions with neutral gas atoms prior to the electron impinging
on the anode. Therefore, typically a cylindrical cathode is chosen, as e.g. sketched in
Fig. 2.8 a), resulting in pendulum electrons oscillating in between the opposing cath-
ode fall regions while slowly drifting towards the anode.

A few realized microhollow cathode discharge (MHCD) setups are sketched in Fig. 2.8.
The cathodes were mechanically or laser drilled but also produced by Si etching prof-
iting from the experience from the microelectromechanical systems (MEMS) industry.
Individual discharges, but also large arrays of these individual MHCDs were realized.
For the design of MHCD not only the Paschen law plays an important role, but also
the White-Allis similarity law [106, 107], which connects the necessary discharge sus-
taining voltage Usys to the pd product and the ratio of discharge current over cathode
cavity size (I/Dcay). According to the White-Allis similarity law, high-pressure op-
eration of hollow cathodes can be possible by reducing the cathode cavity Dg,y. A
lower limit for D,y is fundamentally given by the fact, that the cathode cavity and,
thus, the distance between two opposing cathodes, can not be smaller as two cathode
fall regions and a negative glow region. For Ar as working gas the upper limit of the
pDcav product is 1.33 Pam [108] which results in values of D,y 10 um for atmospheric
pressure operation. Stable operation in the range of this minimal dimensions could
be experimentally demonstrated in mechanically drilled cavities [109]. Still, despite
working in the theoretical accessible regime, modeling [102, 103], emission studies
[110] and current-voltage characteristics [108, 111] showed, that many MHCD devices
lack characteristic features of conventional hollow cathodes and rather operate as a
glow discharge. Thus, one has to be careful to not characterize a microplasma purely
by the setup.



Parameter Value/Range Operation Gas Pressure Diagnostic Source
EEDF Non-Maxwellian DC air 67 Pa Langmuir probe [112]
Non-Maxwellian DC & pulsed Xe, Ar, He 5333Pato101325Pa  Excimer excitation [113]

Electron leV DC Ar 101 325 Pa OES! [64, 114]
temperature T, leV DC Ar 101325 Pa OES! [115]
2.25eV pulsed Ar 101325 Pa OES! [115]

Electron 1x10'm™3 DC Ar 101325 Pa Stark? [115]
density 7, 9%x10m3to5x 102! m~3 DC Ar 5000 Pa to 40000 Pa Stark? [116]
5% 102 m3 pulsed Ar 101325 Pa Stark? [115]

1x10”m3to1 x102?m™3 pulsed air 101 325Pa HIRI® [64,117-119]

Neutral 400K DC Ne 53329 Pa OES! [120]
gas temperature 380K to 1700K DC Ar  5000Pa to40000Pa Abs. spectroscopy* [116]
1000 K to 2000 K pulsed air 101325 Pa HIRI®  [64, 117-119]

360K DC He 101 325Pa OES! [121]

460K to 860K DC Ar 101325 Pa OES! [121]

! Optical emission spectroscopy, evaluation of line intensity (Te) or rotational N, bands (gas temperature)
2 Stark broadening and shift, caused by localized electric fields and is sensitive to ne and Te

3 Heterodyne infrared (IR) interferometry, free electrons induce a phase shift in an IR laser

4 Absorption spectroscopy, Doppler broadening of (in this case) Ar lines

TABLE 2.2: Characteristic values of microplasmas and how they were determined. For details regarding the microplasma setups or
more information on the different diagnostics the interested reader is referred to the respective literature.
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Contrary to the diffuse microplasmas also filamentary microplasmas have been real-
ized, which excel by a different excitation mechanism and setup [15, 73]. The so-called
streamer mechanism can take over and replace the previously described Townsend
breakdown (cf. 2.2.1). A high gas density results in a high number of ionizing col-
lisions per unit volume. A space charge zone can form, which locally enhances the
applied electric field and leads to additional electron avalanches forming in the gas
phase [70, 71, 122]. The ionization region rapidly grows until a distinct plasma chan-
nel is formed. This channel is called streamer and forms within nanoseconds [15].
Similar to the Townsend-criterion being the foundation for the breakdown voltage
in a Townsend discharge, the Meek criterion, exp (ad) = 108, relates to the charge
number density in the primary avalanche necessary for significant space charge field
perturbations [122]. Thus, the Meek criterion describes conditions for streamer initia-
tion. Obviously, the a-coefficient plays a major role for the tendency of a specific gas
to form a streamer. Additionally, the reduced electric field (E/n) will influence the
streamer formation. The increased ionization rate due to changes in the local electric
field is determined by the partial derivative 0 (a/n) /0 (E/n) [123]. He and Ne sup-
press rapid formation of field gradients and have a relatively high a-coefficient, thus,
these gases tend to form a rather diffuse breakdown. Ar and most molecular gases,
on the other hand, tend to form streamers and, thus, rather filamentary discharges are
obtained. For a successful discharge development, the choice of the right working gas
is of great importance.

Streamers are typically small with channel radii in the range of 100 pm and channel
length depending on the discharge geometry and applied voltages ranging from pm
to a few mm. The small radii can result in high current densities and, thus, trigger the
glow to arc transition (cf. 2.2.3). Dielectric materials covering at least one electrode can
be used to limit the current and suppress the arc transition. The non-equilibrium char-
acter of the plasma can be preserved by strictly limiting the current. Setups utilizing
at least one dielectric to separate the electrodes are called dielectric barrier discharges
(DBD) [34, 124, 125].

DBD discharges have to be operated with AC currents or in a pulsed mode, as the di-
electric interrupts the current flow and, thus, results in charge carrier accumulation on
its on surface. These charges result in an electric field opposing the externally applied
one. The electric fields cancel each other and the plasma state can not be maintained.
If the direction of the applied field is switched due to AC operation, the accumulated
charge carrier will enhance the electric field strength and simplify the next gas break-
down. This memory effect results in effluents forming at the same locations and only
barely moving.

For industrial applications and large-scale surface or gas treatments, surface dielectric
barrier discharges (SDBDs) have been developed, where the electrodes are embedded
in or separated by a ceramic and a plasma layer forms on top of the ceramic [126-132].
Despite of the partly diffuse looking appearance of these discharges, the plasma layer
is build up from individual microdischarges [133].

Microplasmas, with or without a dielectric barrier, can also be utilized as plasma
source for cold atmospheric pressure plasma jets [134] and are mentioned here for
the sake of completeness. A continuous gas flow between the electrodes transports
reactive, plasma generated species out of the plasma jet, thus, an effluent is formed,
which can be used for, e.g., surface treatments [135]. Famous examples for these kinds
of jets are the kINPen [136] and the COST jet [137].

The, geometry-wise, simplest microplasmas can be generated between two paral-
lel electrodes. In contrast to MHCD geometries, the open area, were radiation can
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leave the microplasma or ambient species can interact with the plasma, is significantly
smaller, thus, for many applications the MHCD setup is superior. Still, the simplic-
ity of the geometry simplifies modeling and some plasma diagnostics. Fundamental
research on the applicability of fundamental plasma physic laws formulated and val-
idated under low-pressure conditions can be done, to ensure their transferability to
atmospheric pressure conditions. As the MCHD are not only working in the conven-
tional hollow cathode regime, simulation could show, that determined characteristic
values for MHCDs (cf. table 2.2) also apply for a parallel electrode setup [101, 138].
Further, experimental studies could proof the validity of the Paschen law [86, 139, 140]
and the possibility to reach different stable and diffuse operation regimes via control-
ling the current [141, 142]. Overall, a simple parallel plate geometry is well suited to
be realized, especially when the discharge geometry is subject to external restrictions.

2.4 Plasma Surface Interaction

The plasma surface interaction is a complex topic, due to several processes taking
place simultaneously on similar or completely different time scales. Moreover, these
processes are not limited to the field of plasma physics, as chemistry and solid state
physics are heavily involved. Separating these processes to gain a fundamental un-
derstanding is nearly impossible. Still, great efforts have been taken in the past, as a
better understanding of the plasma surface interaction is necessary to overcome cur-
rent limitations in, e.g., material synthesis, etching, thin film deposition and plasma
catalysis [14, 143-149].

2.4.1 Secondary Electron Emission

Section 2.2.1 already briefly introduced the secondary electron emission (SEE) coeffi-
cient v and addressed processes influencing the SEE generation. To understand the
fundamental process, the confinement of electrons in a solid is shortly addressed. In
metals, electrons fill the conduction band, a set of specific energy levels, up to a certain
energy, the so-called Fermi energy. The difference between the Fermi energy and the
potential energy level of a free electron is the work function of the metal [150]. If an
electron gains enough energy to overcome the work function of the specific metal, it
is emitted from the surface.

In the gas phase an ion can not be neutralized by an electron impact without a third
collision partner, as energy and momentum can not be conserved. However, if an ion
is approaching a surface, the surface can act as third collision partner. At a critical
minimal distance between the ion and the surface, an electron can tunnel through the
work function potential barrier and neutralize the ion. The electron either enters an
excited state, which results in radiation until a metastable state or ground state of the
previously ion, now atom is reached. The electron could also directly enter the ground
state while the excess recombination energy is absorbed by a second electron, which
is still in the conduction band. The so-called Auger neutralization thus involves two
electrons. Depending on the gained recombination energy of the second electron it
may be released from the solid. This second option is called Auger emission or sec-
ondary emission.

The SEE coefficient v depends on the work function W of the material® and the re-
combination/ionization energy E... of the approaching ions. An empirical expression

3Despite being illustrated for metals, the same principle is also valid for semicondutors and insulators.
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considering these quantities could be identified [71]:
¥ ~ 0.016 (Erec — 2W). (2.36)

The Auger emission process purely depends on the transferred recombination energy
of the ion. But there are more processes, which can transfer energy to a surface and
therefore, can result in secondary emission. Thus, one has to differentiate between
purely ion induced SEE and effective SEE. The effective SEE coefficient g is still
defined by the number of electrons released from the surface per incident ion, but
also allows for energetic contributions not transferred by ions such as de-excitation
of metastables at the surface, radiation towards the surface or impinging fast neutrals
[78,80, 151]. Especially in highly collisional plasmas, ions will transfer energy towards
neutral species via collisions, thus, a comparably high amount of energy will be trans-
ferred to the surface via non-ionic species.
The transferred energy usually also heats the surface which can result in thermionic
emission. A charge carrier is liberated from the surface as it gained sufficient thermal
energy from the surface to overcome the work function of the respective surface mate-
rial. For electrons the thermal electron emission or also called Edison effect [152] from
a hot cathode in vacuum only becomes significant at temperatures above 1000 K. The
Richardson equation describes the current density j of the thermal electron emission
as follows [153-155]:

j= AT?e " W/(sT) (2.37)

where A denotes the Richardson constant, T the temperature, and W the work func-
tion. The Richardson constant is actually not a constant, instead depends on a uni-
versal constant Ap multiplied by a material-specific correction factor Ar in the order
of 0.5. The universal constant is given by Ag = 47tmeszeo/ W ~12 x 10 Am 2K2
with & representing the Planck constant [154, 156, 157]. In case of the surface being
the negatively charged cathode, the Schottky effect can enhance the electron thermal
emission, as the electric field lowers the effective, energetic surface barrier given by the
work function [158, 159]. For, e.g. fusion plasmas, it is quite obvious that thermionic
emission influences the plasma [160], but also for low-pressure plasmas [161] or more
specific glow discharges [162], the thermionic emission can play a crucial role given
specific conditions. For the DC microplasma aimed for in this thesis, the thermionic
emission should not be significant. Except when the power transfer from the plasma
to the surface leads to highly localized heating of the surface.

But not only the plasma generated species can influence the SEE, also the surface
condition, morphology, impurities, and contamination play a crucial role [163, 164].
Therefore, the determination of ion-induced or effective SEE coefficients is challenging
but important for modeling and discharge design. A theoretical approach to calculate
SEE values, as well as a more detailed description and several previously determined
SEE values can be found in literature [9, 77-79, 139, 151, 163-170].

24.2 Adsorption and Desorption

Adsorption is the reaction of an atom or molecule with a surface, where as a conse-
quence the atom or molecule is bound to the surface. The reversed reaction is called
desorption [171]. Adsorption is separated into two different processes.

Physisorption is based on the rather weak van der Waals force between the atom or
molecule and the surface. The binding energy is in the range of 4meV to 40 meV per
bond and the binding is a consequence of fluctuating polarizations of the atoms due
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to quantum mechanics [172]. Physisorbed atoms and molecules can rapidly diffuse
along the surface which can be beneficial to achieve uniform thin film growths, as
they might diffuse to a free spot to get chemisorped. If the impinging species did
not thermalize with the surface upon impact they will diffuse across the surface as
"hot precursors" [173] which significantly increases their chance to chemisorp at the
surface. A typical example for the adsorption of "hot precursors" is the adsorption of
H on an otherwise H-terminated silicon surface [174, 175].

Chemisorption is the result of a chemical bond such as, e.g., ionic or covalent bond-
ing. The foundation of these forces is an electromagnetic force in between the neg-
atively charged electron cloud and the positively charged nuclei. In the bonding
participating atoms share and transfer electrons, which results in the strong bond-
ing with binding energies of a few eV. Therefore, surfaces are chemically transformed
by chemisorption [176].

All forming bonds at the surface are an exothermic reaction. A bond specific mini-
mum energy of the atom or molecule is necessary to initiate the reaction. In plasma
processes, with the possibility to accelerate ions towards the surface or create fast neu-
trals due to collision, the energy barrier can be overcome and the following bond for-
mation will dissipate energy to the surface. The adsorption rate dn,/dt at the surface
is dominated by the surface coverage ® dependent sticking coefficient s. The sur-
face coverage is defined by the fraction of total number sites on the surface that are
occupied by adsorbing species. In the simplest adsorption model, the Langmuir ad-
sorption model [177], the sticking coefficient has a linear dependence on the surface
coverage:

dn,

dt

where I', denotes the particle flux to the surface and s is the initial or zero coverage
sticking coefficient; a temperature, surface and adsorbat depending constant. A few
examples for sy on an Si substrate would be roughly 1 for H, a few percent for H, and
only 10~ to 1073 for O, [178].

Adsorption at the surface is the foundation of thin film growth [179, 180]. First, im-
pinging species are physisorped at the surface. These can diffuse across the surface
and may find a reaction partner to form a chemical bond, thus, get chemisorped. De-
pending on their interaction with the surface species or other adsorbed species dif-
ferent growth modes of the forming film are present. If the adsorbate-surface and
adsorbate-adsorbate interactions are balanced and the lattice of the surface and the
forming film are matching, the Frank-van der Merwe growth [181-183], also called
"layer-by-layer" growth is obtained. A complete and uniform layer is formed on top
of the surface prior to growth of the second layer on top of the first one.

In case of stronger adsorbate-surface interactions compared to adsorbate-adsorbate in-
teractions the Stranski-Krastanov growth [184], also called "layer-plus-island" growth
is observed. Again, layers are formed on top of the surface, but these are not com-
pleted prior to adsorption of additional species on top of the formed layers. Therefore,
so-called island are formed on top and during the formation of the single layers.
Stronger adsorbate-adsorbate interactions compared to the adsorbate-surface interac-
tions result in Volmer-Weber growth [185], also called "isolated island" growth. No
uniform layers are formed, instead only island with already multiple layers are form-
ing and merge at some point to completely cover the surface.

=5(0)Ip =50 (1-0)T}, (2.38)
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The complex plasma environment aggravates a complete understanding of all ongo-
ing surface processes during thin film growth and a more detailed overview is given
in [186]. A change of surface conditions due to the growing thin film can alter the
plasma environment, resulting in different growth, or more generalized, adsorption
processes, which results in most cases in the necessity to slowly optimize the deposi-
tion processes via multiple iterations. A more applied view onto thin film deposition,
especially how its realized using different plasma based techniques is given in sec-
tion 2.4.5.

A thin film can only by grown if the adsorption surpasses the desorption. Desorption
is mainly driven by the thermal movement of the adsorbed species. If the adsorbed
species can overcome the potential well of their bond, they can escape from the sur-
face. In thermal equilibrium, surface adsorption and desorption must balance out.
The desorption rate Kgesor has an Arrhenius form and depends on the number of at-
tempted escapes per second K, the substrate temperature Ts and the bond potential
Ebond [187]

Kdesor = KOeEbond/kBTs- (2.39)

Ky is in the order of 10'2s~! to 10 s~! for physisorption and 1035 to 10> s~ for
chemisorption. If an atom or molecule escapes the surface, the amount of energy
necessary to overcome the previously existing bond is taken off the surface by the
atom or molecule. Thus, the surface loses energy if atoms or molecules desorb from it.

2.4.3 Surface Reactions

Adsorbates can also react at the surface with other adsorbates or gas phase species,
utilizing the surface as third reaction partner to either take excess energy and/or mo-
mentum, or to enhance the reaction as a catalyst or by providing thermal energy to
start the mostly exothermic reaction. The produced new species usually desorbes af-
ter the reaction and the surface is not chemically changed. Two different reaction types
are mainly present for this kind of surface reactions [186, 188]

Eley-Rideal process [189], where an incoming gas phase species does not thermalize
with the surface upon adsorption ("hot precursor") and instead directly reacts with a
surface atom. The newly formed molecule desorbs from the surface. The reaction
process is quite rare due to the limited possible reaction time as gas surface collisions
are in the order of ps [190]. The reaction rate rreaction is proportional to the flux of
the impinging species A ja, the surface coverage of species B Og, the total number of
surface sides Ny and the reaction cross section yeaction [69]:

Yreaction ™~ jA @B N 00reaction- (240)

Typically, the reaction cross section is small and limits the reaction. Further, it is a first
order kinetics reaction as it is directly proportional to the impinging species. Usually,
only weakly bound surface species are involved in the Eley-Rideal process. Examples
are ?H (deuterium) extraction from surfaces [174] or the generation of Hy from a-C:H
coatings upon H impact [191].

Langmuir-Hinshelwood process , the more common process, describes most het-
erogeneously catalyzed reactions [192]. Both reacting species are previously adsorbed
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to the surface, therefore their lifetimes are in the range of ps and the available reac-
tion time is longer compared to the Eley-Rideal process [193]. This reaction obeys
second order kinetics and the reaction rate is proportional to the surface coverage of
both species A and B, as well as their reaction cross section and the total number of
adsorption sites:

T'reaction ™~ ®A®BN§ Ureaction- (2.41)

An example for this reaction is the recombination of H atoms to H; at the surface. For
the recombination of H atoms a third reaction partner is necessary [194]. The surface
serves as this third reaction partner and therefore the recombination energy of Hy is
partly transferred to the surface. Surface reactions are an important power transfer
mechanism from the plasma to the surface, will heat the surface and can enhance
other surface reactions such as desorption or etching (cf. section 2.4.6).

2.4.4 Sputtering

Ions or heavy fast neutrals with a sufficient energy can sputter atoms from the surface.
The threshold energy for a heavy particle to sputter a surface is in the range of 20 eV to
50 eV, but a significant sputter yield 7sput is reached at energies from 200 eV to 1000 eV.
The sputter yield 7ysput is defined by the number of atoms released from the surface
due to sputtering per incident ion. The physical sputtering process itself is based on
a collision cascade within the solid. The incident particle collides with surface atoms
which transfer the gained momentum into the solid. Random collisions within the
solid might result in a surface atom being ejected due to a momentum transfer directed
outwards of the solid. Detailed illustrations of this process can be found in dedicated
textbooks [195-198].

The mass of the incident ion or heavy particle, as well as the mass of the solid atoms,
are also of great importance for the sputtering process, as the momentum transfer is
mass dependent. For similar atomic numbers (Z) of incident particles (index ;) and
target atoms (index ) with 0.2 < Z;/Z; < 5 and Z, Z; > 1 a reasonable sputter yield
can be given by [199]:

0.06 =
vpu 5oV Ze (VE ~ VB ) (242)

where E; denotes the isotropic mean energy of atoms in the solid after the impact, E;
the energy if the impacting particle, Ey,, the threshold energy and Z; the mass depen-
dence expressed in terms of atomic numbers:

_ 27,
Iy = . 2.43
C(zi/20Y? (2 2) 24

The threshold energy can be estimated for mass ratios Z;/Z; 2 0.3 as [200]:
Ene ~ 8E (Zi/Z:)*”. (2.44)

In addition to the already mentioned mass and energy dependence, also an angular
dependence on the impinging particles, as well as the released atoms is known [195,
201-203].

For atmospheric pressure plasmas a sputtering process is usually not expected to be
present as the highly collisional environment limits the energy of ions and fast neutrals
to typically below 1eV. The limitation is collision based, thus, it is not impossible
for single ions to reach energies above the necessary threshold energy by randomly
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avoiding collisions, but highly unlikely. Still, some experimental and modeling results
suggest the existence of sputtering under atmospheric pressure conditions [204-209].

2.4.5 Thin Film Growth

Controlled thin film growth on the nanometer scale is one of the most important
plasma applications. If the deposition is based on the adsorption of species from the
gas phase it is called vapor deposition. Further, a distinction is made between chemi-
cal vapor deposition (CVD), where chemically reactive gas phase species adsorb to the
surface [210], plasma enhanced chemical vapor deposition (PECVD), where plasma
creates the chemically reactive gas phase species by electron impact dissociation of
molecules [211], and physical vapor deposition (PVD), where gas phase atoms for ad-
sorption on the surface are generated by heating or sputtering [212, 213].

The chemically reactive molecules in the gas phase are called precursors. Their chem-
ical composition obviously strongly defines the forming thin film. Silane gas (SiHy)
can be fragmented in the plasma and result in amorphous (a-Si) or micro-/nano-
crystalline Si (mc/nc-Si) deposition on a substrate surface [214, 215]. Methane (CHy)
or Acetylene (C,H») gas can be used for the production of amorphous (a-C), diamond-
like (DLC) or even single crystal diamond carbon [216-219].

The film quality and topography are heavily influenced by the adsorption probabili-
ties, thus, the sticking coefficient. Patterning and design of micro- or nanostructures is
enabled by spatially resolved modification of the sticking coefficients [220]. Also the
film thickness can be tuned via the sticking coefficient. If all surface reaction sides are
occupied, the deposition stops. This self-limiting process enables monolayer deposi-
tion. Additional processing steps reactivate the surface and enable the next monolayer.
Repeating this process results in atomic layer deposition (ALD) [221] for the synthesis
of ultra-thin films with sub-nanometer thicknesses.

Furthermore, plasma does not only create the reactive species in the gas phase, it
also modifies the surface before, during and after the deposition. Plasma species can
open or activate surface reaction sides by particle impact or energetic radiation and,
thus, enable film growth. Plasma species transfer energy towards the surface and
(locally) increase its temperature. The increased temperature enhances (surface) dif-
fusion, which allows for solid defects to heal, increases the crystallinity and also leads
to desorption of foreign atoms. In addition to the energy transfer, also momentum can
be transferred, which condenses the growing thin film.

To visualize the plasma effects during thin film growth structure zone diagrams (SZDs)
were developed, which reduce deposition parameters to a minimum while represent-
ing universal features of the thin film [222-225]. Figure 2.9 shows such a SZD for
energetic deposition. The film thickness t* and structure depends on a generalized
temperature T* of the substrate and the normalized energy flux E* towards the sub-
strate. None of these parameters can be tuned individually, as the energy flux strongly
affects the heat balance of the substrate [223, 226-229]. The depicted trends of, e.g., a
more crystalline structure at higher temperature and/or higher energy flux, or porous
structures at low temperatures and energy flux are also applicable for thin film modi-
fication by plasma treatment, due to the universal character of such SZDs.

2.4.6 Plasma Etching

The plasma etching process consists of multiple already mentioned processes and is
of great importance for the production of nanostructured materials such as the ZnO
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nanobrushes which will be discussed in chapter 6. Plasma electrons produce ions,
atoms, radicals and so forth which can interact with the surface. The key part for
plasma etching is the right choice of reactive molecules contained in the plasma. These
must be able to form gaseous products as a result of reactions with surface atoms and,
furthermore, the newly formed molecules should have a high vapor pressure to easily
desorb from the surface. If the vapor pressure of the newly formed molecules at the
substrate temperature of usually around 300K is high enough, plasma etching and,
thus, the removal of atoms from the surface can take place without further plasma
assistance.

To achieve higher etch rates, or etch surfaces where the resulting surface reaction prod-
ucts have a low vapor pressure, ion bombardment of the surface is used to combine
the chemical etching with physical sputtering and local energy transfer to the surface.
The synergistic effect of chemical etching and physical sputtering can be large and
result in etching rates ten times as high as the rates obtained by only one of the pro-
cesses [230]. Therefore, plasma etching is sometimes also called chemical sputtering
[231].

The ion assistance during plasma etching offers patterning opportunities. Either by
utilizing a focused ion beam or photoresist masks which passivate the substrate sur-
face. The photoresist is patterned via (mostly) UV-radiation and shields the surface
from etching reaction. The incident direction of ions can be controlled well via electric
fields or with the usage of ion beams, thus, etching of deep and steep trenches is pos-
sible [144, 147, 232].
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Chapter 3

Plasma and Surface Diagnostics

For the successful design of the in situ TEM microplasma cell, the microplasma geom-
etry has to be developed and must pass several tests. Available plasma diagnostics
are quite limited due to the small dimensions of the microplasma. Typically, optical
diagnostics would be the means of choice [64, 65, 73, 109], but with the goal of ob-
serving real time surface changes in situ and understand them, one has to go beyond
conventional diagnostics.

Electrical measurements are utilized to determine current voltage characteristics. Fur-
ther, these electrical diagnostics have the advantage of also being applicable during
the aspired in situ measurements, enabling an in situ process control.

Confirmation of the gas purity, discharge stability, and additional proofs of setting up
a DC normal glow microplasma are obtained by optical diagnostics. Time-resolved
optical emission spectroscopy and spatially resolved optical imaging are not accessi-
ble inside of the TEM, but ex situ setups utilizing the same microplasma geometry are
sufficient for a better understanding of the microplasma.

The power transfer from the plasma to the electrodes is investigated by utilization of
passive thermal probes (PTPs) [233-235] as electrodes. This non-conventional calori-
metric diagnostic tool allows to measure the energy flux [229] towards the electrodes.
In section 2.4.5 the concept of structure zone diagrams was introduced, which visual-
izes the importance of the energy flux for plasma surface modifications quite well.

Electron microscopy techniques have been used for the surface analytics of the plasma
treated samples. The utilized devices will be briefly introduced as well as the foun-
dations of the different techniques. For more details regarding the electron imaging,
especially concerning the TEM imaging techniques, influence of the gas column within
the microplasma cell on the TEM image quality, and limitations of the TEM techniques
due to the unconventional sample, the interested reader is referred to the PhD thesis
of Niklas Kohlmann [236], who was mainly responsible for the TEM operation in our
joint project.

3.1 Plasma Diagnostics

3.1.1 Electrical Measurements

Voltages of at least 100 V are necessary to ignite the plasma according to the Paschen
law depicted in Fig. 2.7. Thus, the electrical circuit and measurement equipment has
to be chosen carefully. The basic electrical circuit is shown in Fig. 3.1. It is powered
by the Heinzinger PNC 20000-10 ump, a DC power source with adjustable polarity,
capable of delivering up to 20kV and 10mA (a in Fig. 3.1). The voltage output of
the source is measured by utilizing the Tektronix P6015A high voltage probe (b). The
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FIGURE 3.1: The basic electrical circuit used for the generation of the

microplasma. a) DC power source with adjustable polarity; b,c,d)

(high) voltage probes; e h) resistors, f) inductance; g) connections to
electrodes & i) ground.

P6015A has an attenuation ratio of 1000:1 and can safely be used for voltages of up
to 20 kVpc or 40 kVpyjse. More important is the high 75 MHz bandwidth and 4 ns rise
time, which can detect fast fluctuations in the voltage signal. Voltage measurements
in general are today typically performed by analog-to-digital converters. As these
are limited by the analog input voltage, precise voltage divider or voltage transform-
ing circuits are used within the high voltage probe to transform high voltages down
to typically below 50 V. Further limitations of analog-to-digital converters are given
by the necessary conversion of a continuous-time and -amplitude analog signal to a
quantized digital signal with discrete-time and -amplitude steps [237].

A 400 kQ) resistor (e) is connected in series to the circuit to limit the current as soon as
the plasma, whose electrodes are connected to the open contacts (g) illustrated here,
is ignited. Without plasma ignition no current is going through the circuit, as the elec-
trodes act as parallel plate capacitor. Higher voltages are necessary for the plasma
breakdown compared to the steady-state operation (cf. Fig. 2.3). The voltage neces-
sary for plasma ignition could result in high currents going through the circuit, only
depending on the electrical resistance of the plasma itself. If the current surpasses
the point of the glow to arc transition, the characteristic negative slope of the resis-
tance will lead to an even higher current flow and an arc discharge is formed until the
current is limited by the maximum current output of the power supply. To avoid this
glow to arc transition, the current is limited by the total resistance of the electric circuit,
which adds up from the series resistor and the plasma resistance. As the plasma resis-
tance is depending on the current going through the discharge (cf. Fig. 2.3), the series
resistor is the only reliable possibility to limit the current. It has to be chosen in a way,
that the overall resistance of the electrical circuit results in currents in the mA range
to obtain a stable glow discharge. For the microplasma geometry developed in this
thesis, 400 k() were determined to work well for gold, copper, indium tin oxide (ITO)
and platinum electrodes, if the power supply is set to voltages in the range of 500 V to
1000 V. Breakdown was achieved for most parameters at about 700 V. However, for
magnesium electrodes the series resistor had to be reduced to 200 k() to operate the
microplasma, which is a good example that the series resistor has to be chosen care-
fully and always has to match the microplasma geometry.

The 200 pH inductor (f) was added to the electrical circuit to stabilize the discharge.
Fast current changes, which would occur during arc formation, should be suppressed
by, metaphorically speaking, slowing down the current through the inductance. The
combination of resistor, inductor and capacitor results in a damped electric resonant
circuit, which can suppress fast current changes. Ideally, an overdamped RLC-circuit
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is aspired with a damping factor ¢ > 1 given by [238]:

R /C

where R denotes the resistance, L the inductivity and C the capacity. Assuming the
electrodes as parallel plate electrodes with a diameter (A) of 1 mm and a distance (D)
of 100 pm the capacity can be calculated by [238]:

A
C = eerpy ~ 7x10" 4 F (3.2)

for the given values using a relative permittivity €, = 1. The assumed values here for
the electrode distance and diameter have proven to work well (see chapter 4) and are
also suited for the construction of the in situ cell addressed in chapter 7. The damping
factor ¢ of the given electrical circuit becomes roughly 3.7, which fulfills the aspired
overdamping. Of course, in this consideration, no plasma was assumed. Taking the
plasma into account is not trivial but will mainly change the resistance and the ca-
pacitance of the electrical circuit. The resistance will increase, as it turns out that the
plasma itself has a resistance in the order of hundreds of k() for the found operation
parameters. The capacitance on the other hand will decrease, as the relative permit-
tivity e, will drop to values of < 1. Overall, the increasing resistance is expected to
influence the damping factor stronger due to the square root dependence of the capac-
itance. Thus, the damping factor of the electrical circuit should stay > 1.

An additional high voltage probe (d), the Tektronix P5100A with an attenuation ra-
tio of 100:1 and a maximum operating voltage of 1kV (2.5kV ,k) is connected close
to the high voltage electrode connection (g). Its 500 MHz bandwidth surpasses the
P6015A, thus, fast voltage fluctuations should be resolvable. The voltage probe is uti-
lized to measure the voltage at the electrodes, as it will differ from the one applied at
the power supply as soon as the plasma is ignited, due to the series resistor (e) and the
plasma resistance forming a voltage divider.

On the ground side (i) of the circuit a 10 () shunt resistor (h) is used to measure the
current going through the microplasma. A Tektronix P2200 (c) is used to measure the
voltage drop across the resistor. As the resistor and the currents are small, the 1:1
attenuation had to be chosen, which limits the bandwidth to 6 MHz. Still, current fluc-
tuations should be visible. Following Ohm’s law U = R * I the measured voltage has
to be divided by 10 to obtain the current.

A digital oscilloscope, the PicoScope 5442B, was used to measure the voltages. Its
compactness and ease of data storage outweigh the disadvantage of a limited band-
width to maximum 60 MHz, at least for the measurements in context of this thesis,
which are mainly limited to DC currents.

A typical electrical measurement is shown in Fig. 3.2. The graph in the middle of
the figure shows the full measurement, while the left and right graphs zoom into the
switch on and off regions. The microplasma was operated in a He atmosphere with
an Au electrode distance of 100 pm for roughly 10s. The measured voltages directly
at the power supply and at the electrodes are shown in blue and in cyan and corre-
spond to the left y-axis. The current measured via the shunt resistor is shown in red
and corresponds to the right y-axis. During the microplasma operation the power
supply voltage was set to 900 V, which resulted in a current of approx. 1.9mA and a
voltage of 170V at the electrodes. The noise level of the current measurement in the
middle graph is exaggerated due to the large temporal range. The enlarged graphs on
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FIGURE 3.2: Typical electric measurement of a microplasma ignition.
Voltages, shown in blue and corresponding to the left y-axis, were mea-
sured directly at the power supply and at the microplasma electrodes.
Discharge current, shown in red and corresponding to the right y-axis,
was measured utilizing the 10 () shunt resistor. The discharge was ig-
nited for roughly 10s as visible in the center image. Voltage set at the
power supply was 900 V and resulted in an electrode voltage of roughly
170V and a current of 1.9mA. The microplasma was operated in He
with an Au electrode distance of 100 pm. The left figure is a zoom into
the breakdown region. The voltage ramp up of the power supply is
visible. The right figure shows the switch off region, where the voltage
and current ramps down.

the left and the right side give a better impression of the actual noise level, which is
also present while the discharge is switched off. The multiplication of the current and
electrode voltage values results in the electrical power coupled into the microplasma.
During one plasma ignition the measured voltages, the current and, thus, the power,
stayed constant, if set constant at the power supply. This is of course the first indicator
of a stable atmospheric pressure DC microplasma.

The ramp up and down of the power supply, shown enlarged in the graphs on the
left and right, introduces short phases of lower, inconsistent power coupled into the
microplasma. But these ramping phases are actually useful from the diagnostics per-
spective. In the ramp up phase on the left, the breakdown voltage is, for this example,
visible at roughly 875V. Prior to the breakdown a discontinuity in the ramp up is
visible, which is an artifact given by the utilized power supply. With the breakdown
the current starts to go through the circuit and the voltages at the electrodes and the
power supply start to differ from each other. Breakdown voltages determined during
the ramp up turned out to significantly differ even for identical parameters, as the
ramp up happens within 0.05s and the breakdown depends on available free elec-
trons (cf. section 2.2.1). The amount of available electrons fluctuates over time, thus,
the breakdown voltage can fluctuate, if only applied for a short amount of time.

After breakdown the power supply still ramps up resulting in an increasing current.
These current and electrode voltage value pairs can be used to create an I-V charac-
teristic, which can serve as process control during plasma processes where a constant
current is required.

During the ramp down, shown on the right, the switch off current and voltage are
visible, here 0.2mA and 170V, which confirm the expected hysteresis-like behavior
shown and discussed in context of Fig. 2.3. Again, the decreasing current values in
combination with the measured electrode voltage can be used for an I-V characteristic.
The current range is enlarged compared to the ramp up region.

In addition to the I-V characteristics created by targeted measurements with variable



3.1. Plasma Diagnostics 35

discharge current, the data base can be further expanded by taking advantage of the
power supply’s ramping up and down to control processes with constant power as,
e.g., calorimetric measurements (see section 3.1.4) or surface treatment (see chapter 5).

3.1.2 Optical Emission Spectroscopy

Optical emission spectroscopy (OES) is a powerful non-invasive tool to investigate
plasmas [73, 239-246]. It offers access to crucial parameters such as the electron den-
sity and temperature [247-251], electric fields [252, 253], neutral gas temperatures [254],
and gas composition [255]. Commercial and free software [256-259] is already avail-
able to determine rotational temperatures, still data acquisition and analysis is chal-
lenging for non-equilibrium plasmas and has to be done carefully [254].

Recently, absorption spectroscopy was applied to microplasmas, mostly plasma jets,
and proved to provide several advantages over the different emission spectroscopy
techniques [260]. It is mentioned here for the sake of completeness, as the experimen-
tal setups for absorption spectroscopy are more challenging and costly compared to
emission spectroscopy and not necessary for the goals in context of this thesis. The in-
terested reader is refereed to several textbooks and publications regarding absorption
spectroscopy as it is not further addressed here [241, 260-266].

Within the scope of this work, OES was used to verify the gas purity and stability of
the discharge. The OES data acquisition and analysis was therefore limited to the us-
age of a compact, low resolution OceanOptics HR2000+ spectrometer and evaluation
of the visible atomic lines and their temporal development.

The characteristic atomic lines result of electron transitions from a higher energy to
a lower energy state [240]. Within a plasma, electrons of atoms or molecules can be
excited by, e.g., collisions or radiation. During the de-excitation process, an electron
transitions from the excited, high-energy state to a lower energy state. Multiple tran-
sitions are possible, until the ground state of the electron is reached. Each of these
transitions radiates a photon with the wavelengths corresponding to the energy dif-
ference of the different energy states. The transition probability differs as well as the
probability of the electron to be excited into the different high energy states. The dif-
ferent probabilities result in different amounts of emitted photons, and, thus, relative
intensity differences between the emitted wavelengths. The available energy states
and transitions are species dependent and, therefore, the detected radiation can be
used to gain information about the excited species.

The OceanOptics HR2000+ consists of a grating, which is responsible for the diffrac-
tion. Multiple mirrors focus the incoming light, coming through a slit, onto the grat-
ing and the diffracted light originating from the grating towards a CCD detector. Each
pixel of the CCD detector corresponds to a specific wavelength, enabling to determine
the different wavelengths contributions of the incoming light [267].

For the measurements, the OceanOptics HR2000+ was equipped with a fiber optic and
a focusing lens aligned and focused to the microplasma. Exposure times of 0.3 s for
Ar, or 1s for He, respectively, have been chosen for most measurements. During early
experiments the exposure time was reduced to 0.1 s to obtain a better temporal resolu-
tion, but a worse signal to noise ratio. These measurements with short exposure time
were used to check for overall intensity fluctuations over time during the microplasma
operation. With no fluctuations being visible in the overall intensity under common
operation conditions, the exposure times have been prolonged for a better signal to
noise ratio.

Figure 3.3 shows expected atomic lines given by the NIST database [255] and mi-
croplasma emission spectra for the wavelength regime where emission was detected.
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FIGURE 3.3: Two exemplary optical emission spectra of the mi-
croplasma operated in Ar (a) or He (b) with Au electrodes and an elec-
trode distance of 100 um. The normalized intensities turned out to be
current and voltage independent, thus, the spectra are averaged over
multiple currents. Additionally, potentially relevant atomic lines from
the NIST database [255] normalized to their given maximum intensity
in the region of interest are shown for the identification of the found
spectral lines originating from the microplasma.

Intensity normalization for the atomic lines given by the NIST database was done by
normalizing to the maximum intensity within the given wavelength region individu-
ally for each species. Normalization of the measured plasma intensity was done to the
maximal measured intensity within each spectrum. For the microplasma operated in
Ar shown in Fig. 3.3 a) the spectra were normalized to the Ar I line at approx. 763.6 nm
and for operation in He shown in Fig. 3.3b) spectra were normalized to the He I line
at approx. 706.6 nm. Both spectra show the expected pressure and temperature broad-
ened Ar I or He I lines. Further, some O I lines (approx. 777 nm and 845 nm for Ar and
He) and an Aul line (656 nm for He) are visible in the spectra. Furthermore, O or
Au I lines, which were predicted by the NIST database, could not be measured, either
because they are overshadowed by other lines, or their intensity is too low, due to no
or just minor excitation of the necessary electronic energy states.

The normalized intensity values of all measured lines (ArI or Hel, resp., O, and
Aul) were evaluated in dependence of operating parameters (current, applied po-
larity, electrode distance and electrode material) and plasma on time. No significant
differences in the normalized intensity values could be identified except for changing
electrode materials (see chapter 4).
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3.1.3 Optical Imaging

Investigations of the spatial and temporal resolved plasma emission patterns have
been used for a long time to understand self-organized structures, (chemically) ac-
tive regions and fundamental aspects as the streamer mechanism [73, 141, 268-273].
The combination of optical imaging with, e.g. optical wavelength filters or dust par-
ticles, was used for analytical photometry to obtain plasma parameters or flow pat-
terns [274-278]. For a parallel plate electrode, DC plasma characteristic emission is
expected as introduced in section 2.2.3. In a low-pressure discharge, these luminous
regions can expand over tens of cm and more, depending on the pressure and cham-
ber size. However, under atmospheric pressure conditions, the spatial expansions of
the luminous regions are in the pm range and, thus, not trivial to resolve.

A high zoom objective, the Navitar 12x Zoom Lens System [279], in combination with
the 12X Xtender [280], was used to obtain sufficient spatial resolution. The 12X Xten-
der decreases maximum zoom to 6x as a 0.5x lens is necessary to keep the internal
focus with the equipped Xtender. On the other hand, the lens working distance is in-
creased up to infinity from 120 mm and, thus, enables to setup the imaging equipment
outside of the necessary gas box. The images were captured with a Ximea MQ042CG-
CM [281] equipped with a CMOS RGB Bayer Matrix chip enabling colored pictures. A
potential problem with the utilized imaging equipment is an insufficient illumination.
The LED construction spotlight Bauhaus 50254-3 providing 1850 Im turned out to be
sufficient for focused images at high magnifications. An advantage of using a DC LED
source is a constant illumination without potential flickering effects.

For plasma observations the ambient light was mostly turned off to maximize the con-
trast. Exposure times of 0.3 s to 1 s were chosen to collect enough photons for an image
with a good signal to noise ratio. The long exposure times prevent evaluation of any
dynamic effects that may be present. An intensified charge-coupled device (ICCD)
camera could overcome this limitation given by the exposure time. Still, for a stable
DC microplasma no dynamic effects are expected.

Spatial calibration of the images was always done by two methods. First, the mi-
croplasma electrodes were exchanged with a 1 mm stage micrometer with 10 um di-
visions (Thorlabs, R1L3S2P). Pixel to mm factors in vertical and horizontal directions
were calculated based on the imaged, well-defined distances as illustrated in Fig. 3.4.
Vertical or horizontal cuts were done across nearly the full image. From the overall
nearly 2000 cuts, pixel to distance median and mean values including their respective
standard deviations have been calculated. The median was calculated as an outlier
control, as its less affected by those. Mean and median values never differed sig-
nificantly from each other. The mean values were used to calculate the conversion
factors. After the calibration no changes on the optical system are allowed and the
microplasma has to be aligned in focus of the camera to avoid systematic errors in the
calibration.

The second calibration was done with actual images from the measurements. Char-
acteristic dimensions, such as the electrode distance for the side-view imaging or the
inner diameter of the Kapton spacer for the top-view imaging, with defined distances
were also analyzed and pixel to distance factors were calculated. If these factors dif-
fered from the first calibration, the plasma to camera distance probably changed dur-
ing the alignment. The first calibration was redone as a consequence to ensure correct
conversion factors.

The experimental setups, as well as further details regarding the evaluation are given
in context of the measurements in chapter 4.
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FIGURE 3.4: Illustrating one of the spatial calibration methods. A ruler

with defined distances is imaged instead of the plasma. The intensity

profiles along horizontal and vertical cuts through the images are ana-

lyzed. Distances between maxima correspond to the 100 pm distances
between thick lines on the ruler.

3.1.4 Calorimetric Measurements
Publication I

The Use of Passive Thermal Probes for the Determination of Energy Fluxes
in Atmospheric Pressure Plasmas

Authors L. Rosenfeldt, L. Hansen, and H. Kersten

Journal IEEE Transactions on Plasma Science [282]

Technique Calorimetry on various atmospheric pressure plasma
sources

Utilized diagnostics Passive thermal probes (PTPs), electrical diagnostics, and
water contact angle (WCA) measurements

Own contribution ~ Approx. 40 %
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Motivation:

Energy flux measurements based on calorimetry already have a long history and the
passive thermal probe (PTP), developed in recent years, was already subject of re-
views [229] and book chapters [234]. Still, most experiments addressed in these pub-
lications were restricted to low-pressure plasma environments. Adaption of the PTP
and its evaluation procedures to atmospheric pressure plasmas was necessary as at-
mospheric pressure plasmas became more important for scientific and industrial ap-
plications.

Main Results:

An introduction into the field of calorimetry for plasma diagnostics is given and its im-
portance is emphasized. The integral energy flux and its components are addressed
and a historical overview on the development of calorimetric probes is given. The
setup is described in detail to offer the reader the possibility to perform energy flux
measurements easily by themselves. Theoretical basics and their application for the
different evaluation procedures are given and exemplary shown in reference to real
experimental data obtained on different atmospheric pressure plasma sources. A brief
selection of recent results obtained at different atmospheric pressure plasma sources
concludes the overview of energy flux measurements under atmospheric pressure
conditions.
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The Use of Passive Thermal Probes for the
Determination of Energy Fluxes in
Atmospheric Pressure Plasmas

Lukas Rosenfeldt™, Luka Hansen™, and Holger Kersten

Abstract— Atmospheric pressure plasmas receive great interest
due to their industrial relevance based on lower cost compared
with vacuum systems. To optimize these applications and possibly
improve them, one has to understand plasma—surface interaction.
This study will emphasize the energy flux as a key parameter
in plasma-surface interaction. The technique of passive thermal
probes (PTPs) as a suitable diagnostic to measure the energy flux
is described and discussed. With such probes, the heating and
cooling of a ‘“substrate dummy” with a well-defined surface is
measured. From the obtained temperature as a function of time,
the integral energy flux can be deduced. This integral energy
flux consists of various contributions, e.g., chemical contributions
such as recombination or oxidation and kinetic energy of plasma
species such as impinging ions, electrons, and neutrals. Beginning
with a historical overview, this work aims to present the technique
of the PTP in its entirety. This includes an explanation of the
design along with different calibration and evaluation methods.
Exemplary experimental results will be provided to emphasize its
versatility and significance as diagnostic for modern atmospheric
pressure plasma research.

Index Terms— Atmospheric pressure plasmas, calorimetric
probe, plasma diagnostics.

I. INTRODUCTION

OR industrial applications, low-temperature nonequilib-
rium plasmas—especially at atmospheric pressure [1],
[2]—have received growing interest in many technological
fields as in gas conversion for ozone chemistry [3], in illu-
mination with special light sources [4], and, in particular,
in surface modification and coating for plasma—surface engi-
neering [5]. Concerning the latter, there has been increasing
use of atmospheric pressure plasmas for materials treatment,
with extension from inorganic to organic surfaces (such as
polymers) and biological tissues (skin, wound treatment) [6].
Recently, atmospheric pressure plasmas entered also the field
for synthesis of new materials and structures and major
advancements have been made in plasma synthesis of nanopar-
ticles and nanostructured materials [7], [8].
In general, plasma—surface interaction is at present one of
the fastest growing branches in plasma technology and has
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got a leading position in the new field of applied surface
science. However, its basic question includes the mastering
of an old problem: the contact of different states of matter.
The interaction between plasma and solid is of both high
practical and principal interest and will result in a new
insight of many questions in the broad area of plasma—surface
engineering [8], [9]. Sometimes, the control of plasma para-
meters and their interplay with the surrounding surfaces is
still more an art than a science. This is founded on the fact
that the description of plasmas in contact with solid walls
is incomparably much more complicated than that of free
plasmas; plasma—surface interaction requires the consideration
of marked anisotropies and inhomogeneities, deviations from
quasi-neutrality, exchange of energy, momentum, and matter
resulting in strongly nonlinear equations containing many
unknown quantities [10]. Since a further development has seen
the shift of research in plasma processing from metals and
semiconductor to “soft” materials such as liquids, biomaterials,
and even agricultural products, the fragile operating conditions
have the development of new and nonconventional diagnostics
that require unprecedented temporal and spatial resolution to
monitor exceptionally large gradients and changes in plasma
properties [8]. Hence, diagnostic is the key to gain insight and
understanding of the physical and chemical processes going on
in the gas phase and at the plasma-facing surfaces. By suitable
probe diagnostics, the fluxes of charge, heat, or momentum
of the species in or from plasma can be experimentally deter-
mined to obtain quantitative information about plasma—surface
interaction [10], [11]. Among the various quantities, the energy
flux (or deposited power) is a key parameter for controlling
and optimizing the interaction processes [12]. In general,
the energy transfer between plasma and solid is a very complex
mechanism. In the case of thermal plasmas, the transfer can be
described by means of classical terms as thermal conductivity
and heat transfer coefficients. However, for nonequilibrium
plasmas, such an approach is not possible because the term
“heat” has no precise meaning. In those plasmas, the thermal
conditions at the surface must be described by a detailed
energy balance, which considers the different heat sources and
losses [12]-[15].

Various elementary plasma—surface processes affect the
thermal balance and energetic conditions of a substrate surface
during plasma processing. The energy and momentum of
particles originating from the plasma or from electrodes,
respectively, influence due to energy flux density and sub-
strate temperature of the surface properties of the treated
substrates. The total energy influx (deposited power) includes

0093-3813 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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heat radiation, kinetic, and potential energy of charged par-
ticles and neutrals, thin-film condensation energy, as well as
enthalpy of involved surface reactions and recombination [12],
[16]-[19]. For suitable experimental conditions, most of these
contributions except the neutral component and radiation
can be separately determined and, hence, one can even
obtain information about the flux and energy of the neutral
species [12], [20].

This publication structures as follows. First of all, the his-
tory of passive thermal probes (PTPs) is summarized in
Section II. Next, the structure of PTPs and different versions
is presented in Section III followed by an overview of existing
calibration methods in Section IV as well as evaluation meth-
ods in Section V. Finally, exemplary results are discussed in
Section VI before a conclusion is drawn in Section VII.

II. HISTORY

Before this work shortly dives into the history of calorimet-
ric probes, it should be noticed that the energy flux between
plasma and substrate is also an important similarity parameter
for comparing or upscaling, respectively, of different plasma
processes or from laboratory to industrial scale [21], [22].

A common method for the determination of the energy
influx from a process plasma to a solid surface is the
use of rather simple calorimetric probes (either as PTPs
[12], [23]-[26] or as active thermal probes (ATPs) [27]). In an
ATP, first, with plasma off, the probe is set to a given tem-
perature by means of controlled electrical heating. Then, with
plasma on, the energy influx by the plasma is compensated by
decreasing the heating power until the original temperature
is reached again. The ATP does not need a determination
of the heat capacity of the probe. In contrast, the PTP is
based on the determination of the temporal change of surface
temperature of the probe during a heating phase with plasma
operation and a cooling phase with plasma off [24], [26]. With
the known heat capacity of the sensor [25], the difference of
the time derivatives yields the integral energy influx to the
surface. It should be noted that the PTP measures a time and
energy integrated value of the energy flux that is generated by
the various energy sources and processes mentioned above.
Simultaneously, the electric current to the substrate can be
obtained, and by variation of the probe voltage (bias), the ener-
getic contributions of charge carriers can be separated and
determined. By comparison with model assumptions on the
involved plasma—surface mechanisms, the different energetic
contributions to the total energy influx can be separated.
Furthermore, the flat PTP can also be used as a planar
Langmuir probe to get information on plasma density and
electron temperature [19], [28].

The use of PTP-type probes for the determination of the
integral energy influx and its importance for thin-film growth
and surface modification has been demonstrated for many
different technological applications. Examples for such appli-
cations in low-pressure plasmas are the deposition of metallic
and ceramic films in magnetron sputtering [16], [18], [20],
[23], [28]-[40], etching of semiconductors [17], [41], [42] or
the modification of metallic samples by plasma ion immer-
sion implantation [43]. However, not only for low-pressure
gas discharges but also for atmospheric-pressure plasmas,
this method for determination of energy influx has been
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Fig. 1. Design of a simple thermal probe for energy flux measurements in
plasma-surface engineering (sputtering) by Thornton. Taken from [24].

employed—as, for example, in coplanar diffuse surface barrier
discharges [26], [44] or plasma jets [45]—[49].

The origin of experimental calorimetry can be traced back
to Lavoisier and Laplace, who presented an ice calorimeter in
the 18th century [50]. In their setup, a solid body was placed
in a hollow sphere filled with ice. The quantity of melted ice
is then directly proportional to the heat absorbed from the
body. Using this setup, the heat dissipation of animals was
investigated [50], [51].

Of course, in many scientific and technological areas as
physical chemistry, thermodynamics, and so on, calorimet-
ric methods are quite common tools in research. However,
in plasma—surface engineering, it took until 1969 to adapt the
idea of calorimetry for suitable utilization by Jackson [52].
By measuring the temperature of a copper block with an
embedded thermocouple, he could deduce the dissipated heat
in a radio frequency sputtering system. Quite similar setups
are used for energy flux measurements to the various surfaces
in fusion devices [53]. Probably, Jackson [52] phrased the first
theoretical foundation for modern energy flux measurements
in plasma technology.

While, in the pioneering investigations in calorimetry, only
the heat is measured, it is credited to Thornton to develop
a probe for energy flux density measurements in 1978 [24].
In the context of plasma physics, this quantity is often refer-
enced as energy flux. Thornton’s rather simple probe is shown
in Fig. 1. As a substrate dummy for his probe, he used a
shielded stainless steel disk to have a defined surface and
suppress energy flux to the backside of the probe.

In 2000, a modern version of this probe based on work of
Thornton [24] and Wendt et al. [16] was presented [54], [55].
By welding a bias wire to the substrate, we could measure the
energy flux depending on the probe’s potential and use it also
as a planar Langmuir probe [19]. This method allows to deduce
the contribution of the ions, electrons, and neutrals to the
energy flux which are consistent with theoretical expectations,
at least in low-pressure plasmas [54], [56]-[58]. A vital part in
the advancement of calorimetric probes was the development
of calibration techniques where the probe is exposed to a
defined power source. Modern methods either utilizes an ion
beam [26], [44] or an electron beam [16], [25] as power
source, whereas before, starting in 2000, lasers were used for
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Fig. 2. PTPs with different probe materials. (a) Copper probe. (b) Ceramic
Mica probe without shielding. (c) Copper probe insulated by silicon resin
spray.

calibration [46], [59]. The calibration methods are discussed
in detail in Section IV.

In 2010, Cormier et al. [60] presented a heat flux microsen-
sor based on a thermopile. It allows to directly measure the
energy flux in contrast to the previously mentioned probe
designs. Because of the fragility of the sensor, it is unsuit-
able for higher energy fluxes [60], which are encountered at
atmospheric pressure. Another atypical approach to energy
flux measurements was presented in 2018 by Primc and
Mozetic [61]. They used a catalytic sensor to measure the
density of O-atoms in a low-pressure plasma. This sensor
uses the energy flux by recombination as a measure for atom
density. While this is no calorimetric probe, nonetheless, it is
based on the same principles.

Beginning in 2011, PTPs, or slightly modified versions,
were also applied to atmospheric pressure plasmas. For these
plasmas, other factors such as fluid dynamics [26], [46], [49]
have a significant influence on the results. Still biasing of
the probe allowed to show the influence of charged species
on the energy flux [49]. Two additional factors convolute
the measurements with PTPs at atmospheric pressure. First,
the reduced dimensions complicate the normalization of power
to the probe area as the effluent of an atmospheric pressure
plasma can be as large or even smaller than typical probe
areas. Second, the largely increased voltages can lead to
the formation of parasitic discharges onto the metallic head
of a PTP. To tackle the latter problem, Mance et al. [46]
introduced a dielectric probe in 2018. This probe was insulated
by placing a Mica plate over the copper substrate dummy.
Hansen et al. [26] refined this principle in 2019. Their PTP
was insulated by a nonconductive layer of silicon resin spray.
Recently, a PTP with a fully ceramic substrate dummy made
from mica was used to investigate a dielectric barrier discharge
(DBD) [44]. The different probe types can be seen in Fig. 2.
These are very promising developments, as the type of a
surface can influence the chemistry and discharge dynamics
of an atmospheric pressure plasma [62]-[65].

III. MEASUREMENT SETUP

The PTP setup can be divided into two parts: the sen-
sor head, which can be adapted to represent the usual
plasma-treated substrate best, and the data acquisition elec-
tronics, which can be used with any adaption of the sensor
head.
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Fig. 3. Schematic drawing of the common PTP sensor head. Typical materials
are given for the different parts but can be adapted to fit the experimental
needs.

A. Sensor Head

The key part of the sensor head is a “substrate dummy” con-
nected with a type K thermocouple. The connection between
the substrate dummy and the thermocouple is usually realized
by spotwelding of the thermocouple directly on the backside
of the thin substrate [24], [25], [43], [45]. A schematic drawing
of a typical PTP sensor head is shown in Fig. 3. The substrate
dummy, mostly a copper platelet with a diameter between
5 and 11 mm and a thickness of 100-500 xm, is free standing
on the spotwelded thermocouple to be thermally isolated [28],
[38], [47], [49], [66], [67]. Size and thickness depend on the
plasma source and the expected energy flux. Larger substrate
dummies result in higher heat capacities and, thus, slower
temperature increase of the probe during the plasma treatment.
An additional bias wire is connected to the probe to enable
grounding or biasing. The platelet is surrounded by a stainless
steel shield to ensure energy flux only from the half-space
in front of the probe. A ceramic tube enhances the thermal
isolation of the cable passage through the base cylinder made
from stainless steel. The base cylinder connects all parts and
also enables easy mounting of the probe by an ISO metric
screw thread. The outer diameter of the PTP is 13 mm and the
height amounts to 19 mm. Both dimensions can be adapted to
fit experimental needs.

With the increased importance of atmospheric pressure
plasma operation and the necessity of plasma diagnostics to
ensure reproducibility, the PTP was adapted to match the
challenges of atmospheric pressure plasmas. The high voltages
and small dimensions of atmospheric pressure discharges can
lead to electrical breakdown to the probe itself and, thus,
disturb the plasma and results in systematically wrong values.
Therefore, dielectric probe materials have been used in the
past to avoid electrical breakdowns. For example, heat resistant
silicon resin spray [26] was used to coat the copper platelet
to create a dielectric surface. For better breakdown protection,
a ceramic mica plate can be mounted on top of the copper
plate [46]. Even, for nearly complete avoidance of metallic
parts, a mica plate was used as substrate dummy and connected
to the type K thermocouple using TorSeal [49]. Again, based
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on the experimental needs, the calorimetric probe will be
adapted and further developed in the future.

B. Data Acquisition Electronics

The circuit board is optimized in size to fit into KF40 flanges
with outer dimensions of 116 mm x 20 mm x 36 mm. It is
split into two parts, data acquisition on one side and com-
munication on the other, divided by galvanic isolation up to
5 kV to protect the circuit board itself and also the connected
computer.

The data acquisition side contains multiple low-pass filters
to enable measuring of the small dc voltage created by
the thermoelectric effect without disturbance of the plasma
generating voltage. A MAX1402 analog-to-digital converter
measures the thermoelectric voltage as well as the signal of a
PT100 as a reference temperature. The PT100 reference tem-
perature enables calibration of the circuit board to determine
absolute temperatures. In the near future, even more channels
of the MAX1402 will be used to measure the temperature of
multiple sensor heads to enable PTP arrays and single-shot
spatially resolved energy flux measurements with one circuit
board.

The AD converter signal passes the galvanic isolation and
is interpreted by an atmega644-20au microcontroller. For the
transmission to computer, RS232 serial communication is
used. The probe temperature is recorded over time with a
sample rate of 90 Hz. The high sample rate is necessary
because the time derivative of the temperature is needed for
the evaluation (see Section V).

IV. CALIBRATION PROCEDURE

When the probe receives any energy flux, the temperature
changes and the heat capacity Cs is the proportional factor.
Thus, the proper determination of this quantity is needed. The
elementary approach is to calculate the heat capacity Cs from
the specific heat capacity c¢s and the mass mg of the probe
via Cs = cs - mg [14]. Because of the welded thermocouple
and contact to the holder, this calculation is incorrect [25] and
an experimental calibration is needed. A general approach to
determine the heat capacity is to expose the PTP to a defined
power source, while the temperature 75(7) is measured as a
function of time.

As power source, a laser can be used [46], [59], but one
has to know the absorbance of the probe, which is not easily
estimated as it depends on the material type and the surface
structure [25].

A. Electron Beam

A more reliable calibration is achieved by the use of an
electron beam [25]. The electrons can either be extracted from
a plasma [16] or generated from a hot filament [25]. The latter
method is superior, particularly, because of its simplicity and
will be summarized here.

A schematic of a typical experimental setup for calibration
by electrons is shown in Fig. 4. The electrons are generated
by thermionic emission from a filament by applying a volt-
age Uy. The electrons are pushed away by Uw and accelerated
by Us. The calibration is carried out in a high vacuum
chamber at about 10~* Pa to ensure collisionless propagation.
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Fig. 4. Schematic setup of the calibration experiment for PTPs using an
electron beam as presented in [25].

Therefore, the incoming power at the probe can be calculated
from the current /5 through the probe and the applied volt-
ages [25]. The requirement to measure the current /, limits
this calibration method to probes with a conducting substrate
dummy [26], [44].

B. Ion Beam

Alternatively, an ion beam can be used as defined power
source. For the calibration, an additional arbitrarily calibrated
probe is needed. By placing both probes in a homogeneous
section of the ion beam, they will be affected with the
same energy flux. The measurements of both probes are then
evaluated as described in Section V. By comparison with the
already calibrated probe, the heat capacity for the tested probe
can be calculated. This method allows to calibrate PTPs that
are not electrically conducting [26], [44]. It also allows to
calibrate multiple probes at once which is especially useful.
A possible ion beam source for such calibration was presented
in [68] and [69].

V. EVALUATION PROCEDURE

The determination of the energy flux can be achieved
by different methods [19], [24], [48], [55], [56], [70]. For
atmospheric pressure plasmas, the d7-method as well as the
so-called kink-method have been proofed to be successful for
the evaluation of the temperature over time. Hence, these
methods will be introduced here and their utilization is demon-
strated in Section VI.

A. Measurement Principle

The enthalpy (H) describes the energy of a thermodynamic
system and is a measure for the total amount of stored energy.
Temporal change of the substrates enthalpy (Hs) equals its
temperature change (7s = dT,/dt) times its heat capacity
(Cs). Assuming no processes taking place inside the substrate,
the change of enthalpy results due to exchange processes
with the environment. Thus, the substrates change of enthalpy
equals the difference of power coming to the substrate (Pj,)
and power leaving the substrate (Poyr)

Hs = CsTs = Pin —

Pou. ey

Normalizing the power to the substrate area (Ag) results in
the energy fluxes

Jin = in/AS and Jout == _Pout/AS (2)
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with power being defined as absolute value. The minus sign in
Py 1s necessary as the energy flux Joy is leaving the substrate
and, thus, negative.

To consider the term Poy, it is possible to switch off the
power Py, transferred from the plasma to the substrate by
switching off the plasma or stopping the substrates exposure
to the plasma. Finally, two equations are obtained to describe
the change of enthalpy, one during heating of the substrate
and one during cooling

Heating: Hsp = CsTsh = Pin — Pout 3)

Cooling: Hs. = CsTsc = —Poy. “4)
With the assumptions of a constant energy influx during heat-
ing and power losses (mainly caused by conduction), it is pos-
sible to solve the first-order linear differential equations for the
substrate temperature during heating and cooling. The power
losses are dependent on a geometrical and material-specific
cooling coefficient o, the equilibrium temperature of the
substrate 75y, and the substrates starting temperature Tg
when the cooling begins

Pout =a (TS,st - TS,eq)~ (5)
The solution of (3) for Tsy is [56], [71]

Ton(t) = (Toq + 22 Fin i 6
sha(t) = ( S.eq 7) - (7) CXP(—C—S ) (6)

where ¢ denotes the time. The first time derivative of (6) is

P, in + aTS,eq
Cs

which becomes again dependent on the substrate temperature

by equating the exponential terms of the derivative and (6).
The solution for Ts. of (4) is

(7

. o
Tspn=——Tsn+
S.h CS S,h

o
Tse(t) = Tseq + (TS,st - TS,eq) exp(—c—t) (8)
S
and its temporal derivative becomes
. a (ZTS eq
Tse=——Tse+——. 9
S.c CS S.c CS ( )

Both (7) and (9) show a linear dependence with equal slopes
of Ts on Ts, which is important for the dT-method.
Furthermore, assuming equal power losses during heating
and cooling of the substrate, (3) and (4) can be combined and
rearranged to calculate the energy flux
Py Cs

Jin > (Tsh — Tse)-

== 10
A5 As (10)

B. dT-Method

The dT-method enables a graphical visualization of the
energy flux. The time derivative of the probe temperature
of one heating and subsequent cooling phase is numerically
determined and plotted against the substrate temperature 7g
(see Fig. 5). This depiction shows the temperature change
Ts as a function of its temperature 75 as described in (7)
and (9). Two parallel lines, one resulting from the heating
phase and one of the cooling phase, separated by a constant
offset are expected. The offset between the lines is used in (10)
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Fig. 5. dT-depiction of measurement data obtained for a surface barrier

discharge as example for the d7-method evaluation. The offset between the
parallel fit lines represent the energy flux to the substrate. More details are
given in the text and in [49].

to calculate the energy influx and should be constant for all
substrate temperatures. Deviations of this expected behavior
can have multiple reasons and have to be addressed to either
systematical errors or temperature- and/or time-dependent
changing energy fluxes.

As an example for the dT-method, data from energy flux
measurements on a diffuse coplanar surface barrier discharge
(DCSBD, [72]-[74]) are shown in Fig. 5. A detailed descrip-
tion of the measurements can be found in [49].

The derivation of the temperature data shown in dark blue
indicates a nonoptimal behavior, as the heating and cooling
phase data points are not parallel over all substrate tempera-
tures. Such deviations from the expected behavior are visible,
in particular, at the beginning of the heating (upper line,
low temperature) and cooling (lower line, high temperature)
phases. They are an artifact of the deployed substrate dummy
since a fully ceramic substrate was used. Its thermal inertia and
high heat capacity results in blurred transitions due to energy
stored inside the probe itself and the time frame needed to
heat the full probe volume to equal temperature. To exclude
this systematic error, linear fitting was performed only between
20 % and 80 % of the substrates maximum temperature. Hence,
the resulting linear lines are parallel to each other, and from
their distance, the energy flux can be easily determined by 10.

This example illustrates how the dT-method can be applied
and how it can be used to detect systematic errors, exclude
them, and successfully obtain energy flux values even for
nonideal conditions. Other evaluation methods are also based
on the dT-method but do not consider the full temperature
range. For example, the kink-method, which will be introduced
next, is one of these methods, which has been proved useful
under atmospheric pressure conditions, too. Still, it should be
mentioned that the d7-depiction should be used at least once
to verify the applicability of the made assumptions.

C. Kink-Method

The kink-method first introduced in low-pressure envi-
ronments only uses short time periods of the temperature
curve around the beginning and ending of the heating phase
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Fig. 6. Illustration of the kink-method. Measured data are obtained for a

surface barrier discharge. The substrate dummy is in contact with the plasma
during the heating phase. Linear fitting is used around the heating and cooling
kink to determine the energy flux. More details are given in the text and
in [26].

[75], [76]. The advantage of using only short time periods is
to ensure the assumption of equal power loss terms, as the
substrate temperature is nearly constant during this time. For
short time periods, (6) and (8) can be approximated as linear
functions using the Taylor series

Pin
TS,h([) = C—[ + TS,eq (11)
S

‘ (12)

TS,c(t) = (TS,eq - TS,st) Cs

t+ TS,S[-

These equations can be used to determine (Tsyh—TS,C) in (10)
and calculate the energy flux.

To illustrate the kink-method a temperature curve obtained
on the DCSBD is shown in Fig. 6. The heating (contact
between probe and plasma) and cooling (no contact between
probe and plasma) phase is marked in the figure, as well
as the so-called heating and cooling kink. The kinks denote
the points, where the heating or cooling of the substrate
starts. Around the kinks, linear fitting is applied to determine
the slopes of (11) and (12). The difference of these slopes
represents the energy flux following (10).

Using this method, the energy flux is punctually evaluated
at the beginning and the end of the heating phase. Thus, two
energy flux values are obtained for one heating phase, which
should match. To visualize this, one has to go back to the
dT-depiction in Fig. 5. While the dT-method evaluates the
full (or parts of) substrate temperature range, the kink-method
only evaluates the energy flux at the minimal and maximal
substrate temperature. One can recognize that the kink-method
applied to the measurement data shown in Fig. 5 would result
in systematically wrong values due to the thermal inertia of
the substrate dummy addressed in Section V-B. Therefore,
before using the kink-method, one has to validate whether
it can be applied to the measured data. As an example, for
the Ts(¢)-measurement shown in Fig. 6, a thin copper probe
with dielectric coating was used, which is less inert and, thus,
the kink-method could be applied [26].

Overall, the kink-method has several advantages, such as
short measurement time, no necessity for complex fitting or
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Fig. 7. Radial profile of the energy flux in the effluent of a plasma jet

described in [48]. The black dots depict a 2-D-Gaussian fit of the measured
energy flux. For the measurements, a PTP was placed at a distance of 6 mm
to the nozzle and the jet was operated at a primary power of 2.4 kW with a
gas flow of 30-sIm air. Reprinted in modified form from [47].

numerical derivatives, and negligible influence of substrate
and/or ambient temperature changes.

VI. EXPERIMENTAL RESULTS

A. Spatial Characterization of an Atmospheric Pressure
Plasma Jet

Atmospheric pressure plasma jets receive great interest due
to their broad range for different surface treatments [45],
[77]-[80]. Therefore, an understanding of the plasma—surface
interaction is crucial to optimize the respective processes.
For this purpose, the energy flux of a commercially available
plasma jet was investigated with a PTP [48].

The jet consists of an inner electrode and an outer metal
cylinder that is insulated on the inside by a ceramic layer. The
discharge emerges from the inner electrode toward the metallic
nozzle. To suppress any contact of the discharge with treated
surfaces in the effluent and to enhance the plasma turbulence,
a grid is placed inside the nozzle head [48].

Results of the experiments are shown in Fig. 7. The jet was
driven by a rectangular signal with a frequency of 19 kHz and
a duty cycle of 50 %. The gas flow through the jet was 30-sIm
air. A PTP with a copper substrate dummy described in [48]
was placed in 6-mm distance to the nozzle, while the radial
position relative to the effluent was varied.

The resulting energy flux ranges from 7 W/cm? at the edges
of the effluent up to 247 W/cm? in the center. It reveals a high
radial symmetry that was compared with a 2-D-Gaussian fit
shown as black dots in Fig. 7. The fit result reinforced the
observation of high radial symmetry. One has to consider that
the probe diameter of 5 mm is in the order of the size of the
effluent. Hence, the shown profile is a convolution of the probe
area and the energy flux, and thus, the real profile is assumed
to be steeper and narrower.

As the energy flux is a key parameter for applications
[21], [22], the results help to choose an optimized parameter
set where the thermal load is acceptable, while the desired
effect can be maximized. To untangle the effect of different
parameters such as discharge voltage and gas flow, the energy
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Fig. 8. Energy flux of a plasma jet as a function of the distance to the nozzle
at different bias voltages. The discharge was generated by a nanosecond pulse
generator with voltages of around 5.5 kV. The jet was operated with a gas
flow of 500-sccm He and 500-sccm air coflow through a gas shielding device.
Reprinted from [49].

flux measurements in [48] were performed for varying
conditions.

B. Contribution of lons and Electrons to the Energy Flux of
a Cold Atmospheric Pressure (CAP) Plasma Jet

Measurement by PTP allows to determine the integral
energy flux with little effort required for the experimental
setup. To gain more insight into the fundamental processes
involved in plasma—surface interactions, it is desired to unravel
the contribution of the plasma species, e.g., electrons, ions, and
fast neutrals to the integral energy flux. By biasing the PTP,
one can repel either positive or negative charged particles and,
thus, distinguish between their contributions. For plasma jets,
this method is complicated mainly by three things. First, all
the lifetimes of the plasma species are short and, therefore,
the mean free path of particles in, e.g., air is limited to a
few tenth of nm [81]. Second, a jet can operate at a turbulent
regime, and thus, the actual path of a particle is not necessarily
equal to the distance between the discharge and the probe.
Third, because of the dimensions, a PTP has to be placed near
the electrodes. Hence, the bias or even the floating potential
of the probe can affect the discharge [44], [49], [63]-[65].

In [49], a cold plasma jet was successfully characterized
with a biased PTP. The PTP featured a copper substrate
dummy. A custom-made jet was used consisting of a polyoxyl-
methylene (POM) housing, a ceramic cylinder as dielectric
barrier, three symmetrically arranged gas inlets to achieve an
even gas flow distribution, and steel needle electrode. A copper
ring embedded into the polymer around the ceramic acts
as counter electrode. The jet was powered by high-voltage
nanosecond pulse generator that produces pulses of 40-ns
length with voltages of around 5.5 kV at a repetition frequency
of 1 kHz. In addition, a shielding gas curtain was used to
create a coflow around the effluent. A detailed description can
be found in [49].

In Fig. 8, the energy flux in dependence on the distance
to the nozzle of the jet is shown for different bias voltages.
The jet was operated with a flow of 500-sccm He and a coflow
of 500-sccm artificial air (80/20 N,/O;). These parameters
ensure a laminar flow, which was confirmed by the Rayleigh
scattering [49], [82]. An exponential decay of the energy flux
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can be observed with a maximum value of (63+£4) mW/cm?
at a distance of 3 mm for the floating PTP. This exponential
decay is caused by a change of the different contributions to
the integral energy flux. The more pronounced decay at shorter
distances is due to fewer reactive particles reaching the surface
of the probe. An estimation based on the flow rate and the
jet geometry results in particles propagating up to 5 mm in
2.4 ms, while the lifetimes of ionic species are only in order
of tens of us [49]. At distances above 5 mm, the energy flux is,
therefore, dominated by radiation. Thus, the decay gets slower.
Only slight difference can be seen between the floating and the
positively biased probe. At a distance of 3 mm, the energy flux
of the positively biased probe is slightly higher (71 mW /cm?).

With a negatively biased PTP, the energy flux increases
to 133 mW/cm? for a distance of 3 mm. This significant
increase can be seen up to a distance of 6 mm. A large
contribution from positive ions to the energy flux is, therefore,
implied. These ions are attracted toward the PTP by a potential
difference of —365 V because the floating potential was 165 V
at 3 mm distance. Yet, the higher kinetic energy of the plasma
ions is unlikely to dominate the energy flux increase due to
the small mean free paths in air and He. This leads to the
conclusion that the Penning ionization is crucial. The Penning
ionization allows the formation of positive ions outside the
discharge if He metastables are available. These metastables
follow the gas flow and, hence, enable the generation of
positive ions at even greater distances.

The fits applied to the energy flux values of the negatively
biased PTP show the postulated change of contributions to the
integral energy flux once more. As fit function (both), the sum
of an exponential (exp) and a quadratic (quad) decay was cho-
sen, as the exponential part reflects less particles reaching the
surface of the probe, whereas the quadratic part represents the
radiation. For distances above 6 mm, only radiation seems to
contribute to the integral energy flux. A detailed analysis along
with the fitting equations and results can be found in [49].

While measurements with a biased PTP at atmospheric
pressure remain challenging still, one can gain insight into
the discharge on a fundamental level.

C. Diffuse Coplanar Surface Barrier Discharge

The characteristic feature of DBDs is an electrode con-
figuration that contains an insulating material in the dis-
charge. Because of the dielectric barrier, the discharge turns
into a self-pulsing and consequently a nonthermal plasma at
atmospheric pressure [5]. DBDs have many applications, such
as gas, liquid, and surface treatment along with appliance in
medicine [1], [5]. A detailed introduction can be found in [1]
and [5].

DCSBDs are a special type of DBDs that produces a
visually diffuse discharge by structuring the electrodes such
as two interlocking combs. The electrodes are embedded into
an insulating ceramic [1], [26], [72]-[74].

In [44], a commercial DCSBD by Roplass was investigated.
From the measured oil temperature along with the electrical
input power and the energy flux, the energy balance could be
deduced. The DCSBD is powered by a sinusoidal signal with
a frequency from 14 up to 18 kHz and an input power of up to
380 W. A full description of the DCSBD is found in [72]-[74].
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Fig. 9. Energy flux as a function of the distance between the ceramic surface of a DCSBD and a PTP for different working gases. The error bars show the

statistical error from multiple measurements. Reprinted from [44].

For energy flux measurements, a PTP with a ceramic
substrate dummy was placed above the ceramic surface of
the DCSBD. To adjust the height of the probe relative to the
ceramic surface, a micrometer screw was utilized. The DCSBD
was placed in a polymethyl methalacrylate (PMMA) gas box
with a volume of 1 1. While operating the DCSBD, a gas flow
of 3 slm of air, Np, Oy, or CO, was generated. The setup is
presented in detail in [44].

In Fig. 9, the measured energy flux depending on the height
of the PTP above the electrode is shown for the different gases.
For each gas, a maximum is reached but at different distances.
CO; reaches a maximum energy flux of (4604 11) mW/cm?
at a distance of 150 um followed by air with its maximum
of (538 & 19) mW/cm? at 200 um. At 250 um, the energy
flux is maximal for O, with (505 #+ 22) mW/cm?, while
N, shows a maximum energy flux of (612 + 48) mW /cm?
at 650 um. It is suspected that the shift of the maximum
toward greater distances is an effect of the electronegativity
of oxygen-containing gases. In such gases, the inert negative
ions would stay close to surface. Thus, a negative potential
barrier would be created, which hinders electrons from moving
considerably far away from the surface. Hence, the discharge
would be forced to form in the vicinity of the surface.

Another striking feature of the height-dependent energy flux
in Fig. 9 can be found for the falling flank with increasing
distances. In addition to the overall drop of the energy flux
at greater distances, a second turning point with a slower
reduction of the energy flux can be recognized. This relates
to the various components of the integral energy flux. The
probe surface participates either directly in chemical reactions
(such as oxidation) or indirectly as third collision partner that
soaks up the excess energy. Furthermore, the probe interacts
with the plasma species, e.g., ions, electrons, and fast neutrals
or radicals, which can impinge with high kinetic energy or
recombine at the probe surface. As described above, the
lifetimes and the mean free path of these species are very small
at atmospheric pressure. The fast drop of the energy flux is
induced by the decreasing amount of plasma species reaching
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Fig. 10. WCA measurements on PP foils plasma-treated at different distances
to the DCSBD electrode surface. The DCSBD was operated in air at 380-W
input power and the plasma treatment time was 1s. The untreated WCA
of the PP foil is shown as a red line. The error bars result from multiple
measurements.

the probe, whereas at greater distances, radiation dominates
the energy flux leading to slower reduction of the energy flux.

These results can help to understand the spatial exten-
sion of the discharge, which are of immense interest when
plasma treatment with the DCSBD shall be optimized. A full
discussion of the results, including the energy balance of a
DCSBD, can be found in [44].

An important field of application for surface barrier dis-
charges is surface activation [5], [73], [83]. During the plasma
treatment, functional groups are generated on the substrate sur-
face and influence the surface free energy of the substrate [84].
A high surface free energy enables the substrate to form
chemical bonds easier, which enhances the wettability of the
surface. Thus, print or glue will stick better or at all on the
plasma-treated surface [85]—[88].

A measure for the surface free energy is the water contact
angle (WCA). Small WCAs indicate a high surface free energy
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and, thus, a successful plasma treatment [89]. Polypropy-
lene (PP) foils were plasma-treated using the DCSBD with air
as working gas at 380-W electrical power for 1 s at different
distances to the ceramic surface of the DCSBD. The WCAs
were measured using the sessile drop method [89] and are
shown in Fig. 10. The WCA of an untreated PP foil is shown
as a red line. The best treatment success is visible at a distance
of 300 u, which matches the maximal energy flux determined
with the same working gas in Fig. 9. Furthermore, the course
of the energy flux values reflects the inverted course of the
WCA measurements. This behavior was expected since a high
energy transfer (up to a material-dependent threshold) should
result in an effective surface activation process. The faster
decrease in surface activation to higher distances compared to
the decrease in the energy flux is probably due to the different
contributions of the energy flux. The energy flux decreases
slower as a major contributor is radiation, which decreases
slower for larger distances compared to, e.g., energy being
transferred by energetic particles or radicals [44], [49]. For the
surface activation of PP, it seems that the energetic particles
and, especially, O radicals are more important.

VII. CONCLUSION

PTPs have had an extensive advancement since its start
with Thornton, and the energy flux was proved to be a
key parameter for applications, e.g., thin-film deposition and
surface activation. Effective calibration and evaluation allow
to make full use of the potential of calorimetric methods.
By electric insulated substrate dummies of different sizes,
the PTP can be adapted for various setups. Hence, PTPs are
nowadays a versatile tool that can be easily integrated into
different atmospheric pressure plasma environments.

As shown in the exemplary results, a PTP can be utilized
to characterize the structure of the plasma—surface interaction
for atmospheric pressure plasmas. By careful analysis, one can
even gain insight into fundamental processes. While the influ-
ence of a PTP on the discharge can impose a problem, it like-
wise creates also new opportunities. The influence of different
substrate materials on the discharge is crucial for applications.
Varying the material of the probe allows to simulate these
effects. This will be one main goal for future developments.
Another objective in this regard is the adaption of the PTP
method for more extreme conditions, e.g., further decrease the
diameter of the probe to achieve fine spatial resolution.

The development of calorimetric probes started more than
50 years ago and there is still no end to this development in
sight. With the increased importance of atmospheric pressure
plasmas, the first steps were made roughly ten years ago
to make energy flux measurements available for atmospheric
pressure conditions. Recent studies showed the successful
adoption of calorimetric probes for atmospheric pressure
plasmas. Not only do they provide a simple, robust and
comparably cheap plasma diagnostic to compare and optimize
plasma sources but they also enable insight into elementary
processes and help to understand plasma—surface interaction
under atmospheric pressure conditions.
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3.2 Electron Microscopy

Optical imaging systems like microscopes, telescopes, or cameras are diffraction lim-
ited and, thus, can only resolve features up to a minimum size d¢ [283]. The Abbe
diffraction limit [284, 285] for a microscope limits it resolution to [286]:

A A

d pu— pr— ’
b 2iersin®, 2NA

(3.3)

where A denotes the wavelength of the light, 1, the refractive index of the medium,
Oy, the half-angle of the converging spot, and NA (= ¢ sin ®},) the numerical aper-
ture. Typical values for the numerical aperture in modern optics are in the range of
1.4 to 1.6. Considering green light (= 500 nm) in the center of the visible spectrum, the
minimum resolvable feature size results in df = 500nm/3 = 167 nm, which is useful
to observe most biological cells with diameters in the range of 1 pm to 100 pm, but not
able to resolve nanoparticles or nanostructured surfaces.

The wavelength of the electromagnetic radiation has to be lowered to resolve these
kind of structures. Based on the De Broglie hypothesis [287] electrons have wave-like
properties and their wavelength is given by:

P (3.4)
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where h represents the Planck constant [156], p the impulse of electrons, m, the elec-
tron mass, and Eyi, . the kinetic energy of an electron. Eq. 3.4 shows that accelerating
electrons to high kinetic energies results in decreased wavelengths. Typical accelera-
tion voltages in transmission electron microscopes (TEMs) are in the range of 300kV,
resulting in kinetic energies of 300 keV and, thus, relativistic effects have to be taken
into account [288]. Eq. 3.4 becomes

A= L ) (3.5)
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with cg representing the speed of light. The relativistic wavelengths of an electron
accelerated with 300kV is 0.001 97 nm, which is capable of resolving nanostructures,
and, thus is the foundation of using electron microscopy.

Today, two different types of electron microscopes are mainly used for surface inves-
tigations. The TEM relies on the transmission of electrons through a very thin sample,
while the scanning electron microscope (SEM) scans an electron beam across a sam-
ple surface to create secondary electrons. Thus, the setups of these microscopes differ
drastically from each other and are schematically shown in Fig. 3.6. As both micro-
scopes rely on the interaction of electrons with the sample, these electrons should not
interact with other media. Pressure inside of these devices is therefore in the range of
1 x 10~° Pa to avoid interaction with the ambient media. Further details are given in
the respective following sections.

3.2.1 Transmissions Electron Microscopy (TEM)

The development of the first TEM in 1931 by Max Knoll and Ernst Ruska was honored
with the Nobel Prize in physics for Ernst Ruska in 1986 showing the importance of
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(b) Schematic drawing of a SEM [290].

(a) Schematic drawing of a TEM. Adapted
from [289].

FIGURE 3.6: Schematic drawings of a transmission electron microscope
(TEM) and a scanning electron microscope (SEM) to showcase the dif-
ferent imaging mechanisms (transmission or surface signal generation)
and complexity of the electrostatic lens systems, especially for the TEM.

this instrument for and beyond the scientific community [291]. The image is gener-
ated by the interaction of a high-energy electron beam during the transmission of an
ultra-thin sample (usually below 100 nm). Preparation of these samples is challenging
until today, as already little contamination or too thick samples can result in useless
images. On the other hand, under optimal conditions and with a specialized micro-
scope, resolutions below 50 pm could be obtained [292]. Realistically, resolutions in
the nm range are achieved, again, depending on the microscope.

The schematic setup of a TEM is shown in Fig. 3.6a. Similar pictures with detailed
descriptions can be found in several text books [288, 293, 294]. Here, the schematic is
used to obtain a basic understanding of the imaging mechanism, the electrons path-
way, and the available sample space. The electrons are generated in the electron gun,
usually using a thermionic source (W or LaBg) or a field-emission source (W) arranged
in a Wehnelt cylinder [295], and are accelerated using hundreds of kV. The electron
beam passes multiple apertures and lenses prior to reaching the sample. The sample,
or sometimes called specimen, is surrounded by the most important lens in the TEM,
the objective lens. The objective lens forms the images and diffraction patterns which
are magnified by the other lenses [288]. In most cases, it is a magnetic lens and its pole
pieces have to be close to the sample. For this reason, the available volume for the
sample is strictly limited and different depending on the available TEM.

After transmitting and interaction with the sample, the electrons can either hit a fluo-
rescent screen, whose fluorescence reflects the beam intensity, directly showing the
image, or a CCD detector to record the image. Depending on the imaging mode
the TEM is operated in, different contrast mechanism dominate. For conventional or
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bright field TEM mass-thickness (arises from incoherent elastic (Rutherford) scatter-
ing) and diffraction (arises from coherent elastic (Bragg) scattering) contrast dominate
the image created by all elastically and inelastically forward scattered electrons. For
the planned in situ microplasma cell, bright field TEM imaging will be used in the first
place, as it requires no assumptions in the interpretation of the images and is also not
too sensitive to imperfect sample conditions.

Other imaging modes relevant within the context of this thesis are:

* High-resolution TEM (HRTEM): HRTEM combines the information from the
transmitted and the diffracted electron beams by reconstructing the phase in-
formation from the electron wave in the image plane [288, 296]. If the incident
electron wave transmits through a crystallographic structure, the electrons are
attracted by the positive atomic potentials of the cores and channel along the
atom columns [297]. Further, electron waves in different channels interact with
each other, which leads to Bragg diffraction. The spatially resolved electron exit
wave below the sample is a superposition of the transmitted plane wave and
multiple diffracted beams, which now has to pass through the TEM optics to the
detector. Changes of the electron exit wave due to limiting apertures and aber-
rations in the imaging lenses of the microscope are accounted by the so-called
contrast transfer function, which is microscope specific. Once the electron exit
wave is measured, the sample and its effect on the incident electron wave can be
modeled and the modeled exit wave compared to the measured one.

¢ Scanning TEM (STEM): The incident electron beam is focused into a 0.05nm to
0.2nm small spot and scanned across the sample. The electrons transmit through
the sample as for the bright field TEM. The intensity is recorded and combined
with the spatial information of the focused spot for the reconstruction of the
image. The rastering of the spot enables several analytical techniques such as
energy dispersive X-ray (EDX, see section 3.2.3) [298, 299] or electron energy
loss spectroscopy (EELS, as a result of inelastic scattering events) [300, 301].

* Selected-area electron diffraction (SAED): SAED is a crystallographic technique
to image a two-dimensional projection of the reciprocal crystal lattice. The crys-
tal lattice of the sample acts as a diffraction grating for the incident electron
beam. The forming interference pattern shows constructive interference if the
Bragg condition is fulfilled [293]. A selected area aperture is located below the
sample. This aperture usually contains different sized small holes and allows
to select the area of the sample, from which the interference pattern is imaged.
Depending on the sample either a regular pattern of bright spots is formed for a
single crystal or concentric rings are formed in a polycrystalline sample, due to
the superposition of diffraction spots from all possible crystallographic planes
in different orientations.

¢ Dark-field TEM (DF): A small aperture is placed below the sample only allow-
ing electrons to pass, which fulfill a certain condition. The image is created only
from electrons, which were, e.g., scattered by a specific lattice plane. Thus, only
diffraction contrast is present in the image, which can be used to map specific
grains within a thin film.

More information on the shortly introduced imaging modes as well as the mathemat-
ical descriptions and more imaging techniques can be found in the already addressed
literature [288, 293, 294, 302-304].
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In situ TEM

With the TEM being such a powerful tool, it is no surprise, that a lot of efforts have
been made to realize in situ possibilities for various processes. Specialized materials
change their properties based on ambient influences like temperature, illumination,
electrical biasing, or even ambient gases or liquids. Even the energy transfer from
the incident electron beam can alter the samples. An analysis of these materials un-
der these conditions is necessary to understand the origin of the changing properties.
Thus, specialized sample holders or even microscopes have been developed over the
years and are commercially available today. An overview of available techniques is
given in the thesis of Niklas Kohlmann, who was responsible for the TEM imaging
within this project [236], or in more detail in available textbooks [305, 306].

The sample thickness was already mentioned as key parameter, as the electrons have
to transmit the sample and interact with it ideally only once, as multiple scattering
events deteriorate the image quality. Commercial TEM grids for sample preparation
are available in various styles and commonly consisted of a real fine grid structure on
which samples could be prepared on. The electron beam could transmit the sample
and a clear image was created in areas of the holes in the grid. More recently, driven
by the progress in the MEMS manufacturing, free standing, ultra-thin membranes in
the center of a Si wafer could be manufactured. These low-stress SiNy membranes
used as windows for the electron beam enhanced the possibilities to build closed at-
mosphere cells as they combined mechanical stability, chemical inertness, and electron
transparency. Even though these SiN, membranes are not grids any more, they will
be referred as TEM grids within this thesis.

For closed cell designs, as the intended in situ microplasma cell is going to be, the
electron beam has to transmit at least two SiNy membranes and the encapsulated gas
atmosphere. In case of the microplasma cell, electrode material (Au) is going to be
coated on top of the SiNy membranes. Thus, the electron beam has to transmit through
two SiNy membranes, two Au thin films and an atmospheric pressure He atmosphere,
as He turned out to provide the most stable conditions (see chapter 4). The electron
mean free path of these materials has to be kept in mind for the design of the in situ
microplasma cell, as it is going to be a tradeoff between stability and image quality.
The total scattering mean free path (electron beam energy of 200 keV) for He at atmo-
spheric pressure and room temperature is 1279 pm, for solid Si3Ny 102 nm, and for Au
19nm [236]. These are mainly given here for the sake of completeness and to show that
the He atmosphere will not deteriorate the image quality too much. The most crucial
factor is going to be a thin Au layer, as most electron collisions are going to take place
here. A more complete list, as well as the literature sources and details regarding the
calculation of these scattering mean free paths are again given in [236].

3.2.2 Scanning Electron Microscopy (SEM)

The invention of the scanning electron microscope in 1937 is attributed to Manfred
von Ardenne [307, 308] who used a fine focused electron beam to raster a surface with
the intention of surpassing the resolution obtained by already rarely available TEMs.
Fig. 3.6b shows the schematic setup of a modern SEM. Similar to the TEM, an electron
gun is used to generate an electron beam. The beam is accelerated towards energies
of up to 40keV and is focused by condenser lenses to a 0.4nm to 5nm spot, which
is scanned across a sample surface by scanning coils or deflector plates [309]. The
electron beam penetrates into the sample and loses its energy due to scattering and
absorption in the so-called interaction volume. The interaction volume can extend up
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to 5 um into the sample, depending on the sample itself and the electron beam energy.
The transferred energy from the incoming electron beam results in elastically scattered
reflected electrons with high energies, emitted secondary electrons as a result of inelas-
tic scattering, and electromagnetic radiation which can be used for energy dispersive
X-ray spectroscopy (see section 3.2.3).

Imaging is done by detection of the emitted secondary electrons. Collecting electrons
with low energies below 50 eV ensures that they origin from a few nm below the sur-
face, thus, SEM imaging is considered a surface-sensitive technique [309]. The signal
intensity depends on the secondary electron emission, which is strongly dependent on
the surface topography and the secondary electron emission coefficient of the present
material. As the focused electron beam is scanned across the sample, the image is
reconstructed by the spatial information from the scanning beam and the detected in-
tensity at the specific locations. Resolutions between 1nm and 20 nm can be obtained,
which is worse compared to a TEM, but one is not restricted to thin samples. Thus,
TEM and SEM imaging should not be seen as competing, but complementing each
other.

3.2.3 Energy dispersive X-ray spectroscopy (EDX)

The inelastic scattering of an incident electron beam transfers energy towards the
atoms of a sample as mentioned before. If the interaction results in the release of
an electron from an inner electron shell, an electron hole is created. An electron from
an outer, higher energy shell will fill the created electron hole and the energy differ-
ence between the shells may be released as X-ray. These X-rays are characteristic for
each atom, as the transitions and, thus, the energy levels of the shells, depend on the
atomic number of the atoms as described by Moseley’s law [310, 311].

Spatially resolved atom excitation via a focused electron beam can be used to map the
chemical composition of a sample. In SEM or STEM microscopes the focused elec-
tron beam is already available, thus, only an energy resolved detector is necessary.
Combining energy resolved measurements with total intensity measurements enables
coincident contrast and chemical mapping. The spatial resolution of both techniques
depends on the electron beam spot size and is connected of the microscope used. Thus,
by combining EDX with a STEM, resolutions of up to 0.05nm to 0.2nm can be ob-
tained, and up to 1 nm to 20nm in a SEM.

3.3 Additional Surface Diagnostics

Electron microscopy is a powerful but also costly and time-consuming surface diag-
nostic. EDX enables insight into the chemical composition of the surface, but lacks
information regarding the chemical bounds. X-ray photoelectron spectroscopy (XPS)
allows to determine the chemical state of surface species and therefore delivers in-
formation about the chemical bonds. Still, XPS is also a costly and time-consuming
diagnostic and usually cannot be used to analyze a large number of samples. Wa-
ter contact angle (WCA) measurements are easy to perform and allow to measure the
wettability of a solid surface. The wettability represents hydrophilic groups at the sur-
face, which may be created as a result of plasma surface activation. Both diagnostics
will be introduced as they were used to measure the surface activation of a polymer
in context of the plasma permeability studies in chapter 6.
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3.3.1 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect. A mono-
chromatic X-ray interacts with the surface of a sample which leads to absorption of
the X-ray photons by the surfaces electrons. These electrons gain enough energy to
leave the surface and are detected by an energy-resolved detector. According to the
conservation of energy and the photoelectric effect, the kinetic energy of the electrons
Eyine is given by [312]:

Exine = Ephoton — Ebond — W, (3.6)

where Eppoton denotes the photon energy of the incoming X-ray, Epong the binding en-
ergy of the electrons and W the work function of the material, sometimes adjusted
based on instrumental correction factors. The measured kinetic energy allows to cal-
culate the binding energy if the other parameters are known. The determined binding
energies are characteristic for different elements and their electronic states, which are
different based on the chemical bound of the element [313-315]. XPS is surface sensi-
tive and probes surfaces up to 10nm in depth, as it is based on the absorption of X-
rays. Therefore, it is well-suited to characterize a surface and identify plasma-induced
surface modifications.

3.3.2 Water Contact Angle (WCA)

Multiple methods for the determination of the contact angle as well as their theoretical
foundations are available in literature [312, 316-321]. Within this thesis the so-called
sessile drop methode is utilized to measure the contact angle. According to the Young
equation, the contact angle ®c depends on the interfacial energy y between the dif-
ferent phases (solid-vapor sy, solid-liquid g, and liquid-vapor 1y), which are in
equilibrium at the edge of a sessile drop [322]:

Ysv — ’)’SL. (3.7)

cos®O¢c = ~
LV

Functional groups, such as OH-groups, increase the surface free energy sy and, thus,
result in a lower contact angle. Plasma treatment of polymer surfaces usually leads to
surface activation of the polymer by production of functional groups [38]. The contact
angle reduction of a polymer surface can be used as measure for the plasma-induced
surface activation of the polymer.
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Motivation:

This work is the foundation of the intended in situ microplasma cell. A stable atmo-
spheric pressure microplasma discharge is necessary to be introduced into the TEM.
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Based on Paschens law, previous microplasma studies and restrictions given by the
TEM, which will be discussed in section 7.1, the proposed discharge geometry real-
ized via clamping and the usage of Kapton spacers was developed. Different diag-
nostics were applied to verify the design goal was achieved and to gain information
on the operation regime of the discharge. Further, particular attention was given to
plasma surface processes and their diagnostics as knowledge about them is necessary
to understand the expected plasma-induced surface modifications.

Main Results:

The developed discharge geometry proved to satisfy the previously identified needs
of stability within the identified operating parameters. The discharge turned out to
operate in the normal glow regime which was confirmed by the I-V characteristics
and optical diagnostics. These showed nearly constant current densities and the ap-
plicability of the collision-dominated Child-Langmuir law. Energy flux measurements
revealed an asymmetric power transfer towards the cathode caused by ions despite
their short mean free path due to the atmospheric pressure conditions. The high en-
ergy flux, as well as visible Au I lines in the OES spectra, indicate a strong plasma
surface interaction, which should result in in situ observable surface modifications.
Effective secondary electron coefficients could be determined based on the compari-
son of electric and thermal power.
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Abstract

®
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A simple setup utilizing parallel flat electrodes with a 50—150 pm interelectrode distance
divided by a Kapton spacer with a I mm diameter whole as discharge region intended for in
situ transmission electron microscope studies is presented. The rather small setup operated in
Ar or He results in an atmospheric pressure DC normal glow discharge and is investigated
using various diagnostics. /-V characteristics show a glow-like behavior of the microplasma.
Significant differences due to the working gas, electrode material and electrode distance have
been observed. Currents in the range of 0.5-3 mA resulted in electrode potentials of
140—190 V for most experimental conditions. Optical emission spectroscopy and imaging
revealed stable plasma operation and enabled the determination of current densities (approx.
16 mA mm~2 for He, or 28 mA mm~2 for Ar) independent of the input current as the
discharge channel grows in diameter. Sheath thicknesses in the range of a few pum have been
calculated by the collision-dominated Child—Langmuir law and trends are confirmed by the
optical imaging. Energy flux measurements revealed a pronounced effect of ions on the
measurement process and resulted in high energy fluxes locally up to 275 W cm 2. Effective
secondary electron emission coefficients ranging from 1 to 1.6 depending on the discharge
conditions have been determined based on the energy balance at the cathode.

Keywords: microplasma, energy flux, plasma surface interaction, glow discharge, -V

characteristics, optical imaging, secondary electron emission

(Some figures may appear in colour only in the online journal)

1. Introduction

Plasma surface interaction is one of the most emerging top-
ics in plasma technology due to its relevance for the produc-
tion and modification of micro- or even nano-scaled structures
[1-8]. Still, state of the art diagnostics are mostly limited

* Author to whom any correspondence should be addressed.

0963-0252/22/035013+15$33.00

to the separation of plasma processing and surface analytics
since real time observations on a nanoscale during the plasma
treatment are challenging. To overcome this separation suc-
cessful attempts have been made to introduce a microplasma
discharge into a transmission electron microscope (TEM) for
in operando (in situ) observation [9]. Based on this idea a suit-
able microplasma discharge cell is being developed to provide
an in situ tool to directly analyze plasma surface interactions.

© 2022 IOP Publishing Ltd  Printed in the UK
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Microplasmas in general are of great interest for many dif-
ferent applications from light sources, analytical atomic spec-
trometry, nanotechnology to lab-on-chip biomedical devices
[10—18]. Downscaling the electrode distance to sub-mm range
results in high pressure discharges as breakdown voltages are
represented by the Paschen law [19-21]. The combination
of small dimension and high pressure aggravates common
plasma diagnostics. Still, knowledge about the plasma itself is
key to understand the plasma surface interaction on elementary
scale.

The current work is focused on a microplasma and its
diagnostic. Even though our microplasma geometry is mainly
motivated by its planned application for in situ TEM mea-
surements, the simple setup enables easy adaptability to other
desired applications and the gained results also apply to sim-
ilar microplasmas. First, electrical diagnostics will be used
to obtain /-V characteristics of the microplasma to vali-
date its glow discharge character and operational stability
under several conditions. Optical emission spectroscopy
(OES) is used to control the gas purity and temporal stabil-
ity. Optical imaging should reveal discharge structures and
enable the determination of current densities to gain further
validation of the normal glow-like character of the discharge
[11, 20, 22].

Focusing on the plasma surface interaction, energy flux
measurements utilizing passive thermal probes (PTPs) have
been used to measure the power transferred from the plasma
to the electrode surfaces [23-26]. This calorimetric diagnos-
tic determines the integral energy flux which adds up from
different contributions. These contributions can either trans-
fer energy to the surface by e.g. ion impact or recombination
on the surface and radiation or transport energy off the sur-
face by e.g. secondary electrons leaving the surface or thin
film desorption [24, 27, 28]. Knowledge about the energy
flux enables the understanding of several surface processes
making it a key parameter of the plasma surface interaction
[24,29-32]. Based on the energy balance at the cathode effec-
tive secondary electron emission (SEE) coefficients are calcu-
lated for Au, Cu and Mg surfaces. Effective SEE coefficients
depict electrons leaving the cathode per impinging ion but not
only taking the transferred ion energy resulting in the electron
extraction into account, but also including energy transferred
from non-ionic species and radiation [33-35].

The combination of different applied conventional and
non-conventional diagnostics enables the verification of the
microplasma being an atmospheric pressure DC normal glow
discharge and provides more insight to understand the plasma
surface interaction of microplasmas.

2. Experimental setup

2.1. Electrical setup

The electric circuit for the microdischarge cell used for
all experiments is shown in figure 1. A 400 k2 resistor,
or 200 k€2 in case of Mg electrodes, limits the current
generated by a DC high voltage supply (Heinzinger PNC

400 kQ 200 pH

_:I_NYY\_

PTP 1
Kapton ===

® ® |

[PTP 2

10 Q

v

Figure 1. Schematic of the electrical circuit of the microplasma.
Two PTPs with variable coatings divided by a Kapton spacer with
variable thickness and a 1 mm diameter hole have been used as
electrodes. High voltage probes measured the voltages present at the
power supply, the microplasma and the shunt resistor.

20000—10 ump) with adjustable polarity. The 200 1H induc-
tor stabilizes the discharge by suppression of fast current
changes. In the setup shown two 100 pm thick passive ther-
mal probes (PTPs, see section 2.3) are used as electrodes. The
electrodes are two parallel conductive plates pressed towards
each other and separated by a Kapton spacer as dielectric bar-
rier with a 1 mm diameter hole for the discharge volume (see
figure 2(a)). The thickness of the Kapton spacer was varied
by stacking multiple layers of 50 um thick foil on top of each
other. During most experiments a 100 pum thick spacer was
used, otherwise it will be noted. A 10 €2 shunt resistor enables
the determination of the current through the plasma discharge.
The applied voltages were measured simultaneously using dif-
ferent high voltage probes (Tektronix P6015A 1000:1 at the
power supply, Tektronix PSTO00A 100:1 at the electrodes and
Tektronix P2200 1:1 at the shunt resistor) connected to an
oscilloscope (PicoScope 5442B).

2.2. Optical setup

The electrodes as well as the lens and optical fiber for the
optical emission spectroscopy (OES, OceanOptics HR2000+-)
setup, are encapsulated in a 30 x 30 x 30 cm® PMMA gas
box. The box is flushed with 3 slm of Ar or He, respectively,
for 1 h followed by a continuous inflow of 1 slm for another
2 h. The inflow was always kept at 1 slm during the exper-
iments. The long flushing times are necessary to ensure gas
purity inside the box and, especially, between the electrodes. In
addition to the electric, spectroscopic, and calorimetric diag-
nostics optical imaging was used to observe the plasma glow
through the Kapton spacer by using a zoom objective (Navitar
12x Zoom incl. 12x Xtender) mounted on a camera (Ximea
MQO042CG-CM) placed outside the gas box oriented in line to
the parallel electrodes (see figure 2(a)).

Exchanging the PTPs as electrodes to indium tin oxide
(ITO) coated glass (Adafruit, film thickness: 185 nm, total
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Figure 2. Schematic of the electrode setup utilizing either PTPs

(a)) or ITO coated glass plates (b)). The electrical connections

(4+/— or Gnd) are connected to the electrical circuit as shown in
figure 1. The PMMA box was flushed constantly with Ar or He
during the experiments. The electrodes were pressed together only
divided by the Kapton spacer possibly setup from multiple 50 ym
thick layers either by mounting the PTP’s housing on movable
tables or clamping the ITO glass in a reverse action tweezer. The
PTP setup was used for all experiments except the top-view imaging
(section 3.3.1).

Table 1. Heat capacities of the different PTPs used for the
experiments. Differences despite same construction are due to
the manual spot-welding.

PTP name Surface material Heat capacity/J /K
Cu P/N Cu (uncoated) 0.0117 4+ 0.0007
Cu Gnd Cu (uncoated) 0.0109 4 0.0004
Au P/N Au 0.0122 + 0.0005
Au Gnd Au 0.0127 + 0.0008
Mg P/N Mg 0.0116 + 0.0007
Mg Gnd Mg 0.0125 + 0.0007

thickness: 1.2 mm) enables imaging of the discharge perpen-
dicular to the Kapton spacer as sketched in figure 2(b)). Thus,
the full 1 mm diameter hole in the spacer and the discharge
channel are visible (see figure 6).

2.3. Passive thermal probe (PTP)

The PTP is a diagnostic device to measure the power trans-
ferred from the plasma to its surface based on calorimetry
[24-26]. It consists of a 5.2 mm diameter and 100 pum thick
copper platelet, which is spot-wielded to a type K thermocou-
ple and a copper wire for separate electrical connection. The
sampling frequency of the temperature measurements is 90 Hz.
A 2-3 pm thick Au or Mg layer, resp., was sputtered on top of
the copper platelet as desired surface. As the probes were trans-
ferred through ambient air, oxidation of the Mg film is proba-
ble, thus, a MgO surface cannot be excluded. The heat capacity
of the probes were determined using an electron beam based
calibration experiment described in [23]. The determined heat
capacities of the various PTP’s are given in table 1.

The heat capacity C of the Cu substrate connects the tem-
poral change of the substrates enthalpy H with its tempera-
ture change 7. Under the assumption of no processes taking
place inside the substrate, the changing enthalpy results just
from power coming to the substrate P;, and power leaving the
substrate Py,

H=CT =P, — Poy. (1)

Switching on the plasma enables to heat the substrate due to
the additional power transfer from the plasma to the substrate.
After switch-off of the plasma the substrate will cool down
again, as the additional power influx is no longer present. Thus,
two equations are obtained during the heating (h) and cooling
(c) of the substrate

_Pout~ (3)

Heating : — Pout (2)

Cooling : H.=CT, =
With the assumption of equal power losses Py, during heat-
ing and cooling equations (2) and (3) can be combined and
rearranged. Normalization by the contact area A between the
plasma and the substrate results in the energy flux Jj,

P, C

Ji:X:X(Th_TC)~ 4)

3. Results and discussion

3.1. Electrical measurements

The different voltage probes enable an electrical characteri-
zation of the microplasma. The aim of design was to set up
a stable normal glow discharge, thus, currents in the range of
0.1-10 mA have to be realized [22]. The 400 k2 resistor limits
the current which otherwise would surpass the expected val-
ues at the moment when the necessary breakdown voltage is
applied to the electrodes.

Figure 3 shows the current voltage characteristics of the
microplasma for the case of Au electrodes and for differ-
ent electrode distances operated in Ar (figure 3(a)) or He
(figure 3(b)), resp., atmosphere. For both polarities, gases and
all electrode distances two similar features are visible. First,
a minimum current of about 0.5 mA is necessary to obtain a
stable microplasma. The plasma becomes unstable and shows
a kind of self-pulsing behavior, if the minimum current is
not reached [36—38]. The electrical potential across the elec-
trodes drops too low during the plasma ignition and cannot
sustain the discharge. If the plasma vanishes the potential
builds up again and leads to another ignition [39]. The igni-
tion frequency increases with higher currents, as the recharge
time of the capacitor given by the electrodes is decreased.
The large errorbars depict this behavior, as the measured volt-
age is rapidly changing and, thus, results in a large standard
deviation while building the mean over time. Second, the
voltage is nearly constant even if the current is increased as
soon as the minimum current is surpassed. This behavior is
typical for DC normal glow discharges and is a good indicator
that the design of the requirement for the microdischarge was
achieved.
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Figure 3. [-V characteristics of the microdischarge using Au electrodes and Kapton spacers with different thicknesses. A minimum current
is necessary for a stable discharge operation. The nearly constant voltage with increasing current indicates a normal glow discharge. The
insets highlight the voltage differences in the current regime of stable operation.

A closer look at figure 3(a) shows a stable discharge oper-
ation starting at a minimum current of 0.65 4+ 0.02 mA inde-
pendent on the electrode distance, at least within the accuracy
of the applied diagnostics. For the negative polarity a mini-
mum current of —0.55 4 0.02 mA for a stable operation has
been determined, again, independent on the electrode distance.
When changing the polarity of the applied voltage the mea-
sured current-dependent voltages behave asymmetric despite
of a symmetric setup and equal amounts of applied voltage.
This asymmetry probably origins due to differences in the
reduced electric field. In particular, differences in the sheaths
regions can have significant impact on the discharge, as the sur-
face to volume ratio is large and, thus, surface processes like
SEE will play a crucial role [40, 41].

The I-V characteristics of the stable regime of the Ar
microplasma are shown enlarged in the insets of figure 3(a).
For the positive and negative polarity differences depending
on the electrode distance are visible. For the positive case, the
voltage varies between 190 & 6 V at 1.95 = 0.03 mA using an
electrode distance of 100 ym and 202 =2 V at 2.04 + 0.02 mA
for an electrode distance of 50 pum. The current-dependent
voltages for each electrode distance stay within the statistical
errors constant with increasing currents. A difference in the
voltages depending on the distance is visible.

For the negative polarity a similar behavior is observed. The
voltages vary between —187 £ 6 V at —1.95 + 0.03 mA for
a distance of 100 ym and —199 £ 2 V at —1.66 = 0.03 mA
using a distance of 50 um. Again, the voltages for a single
electrode distance are nearly constant and differences between
the electrode distances are visible. Furthermore, similar to the
minimum current, the voltages are slightly lower compared to
the positive polarity.

For He as working gas the obtained results are shown in
figure 3(b). Several similarities to Ar are visible. The effects
are even more pronounced in this case, as the noise level is
lower. The minimum currents necessary for a stable operation
are with 0.65 + 0.02 mA or —0.55 + 0.02 mA, respectively,
almost equal to Ar. The current-dependent voltages for the pos-
itive polarity vary from 158 3 V at 0.75 £ 0.03 mA using a

distance of 50 umto 189 £ 1 V at 0.65 =+ 0.03 mA for an elec-
trode distance of 150 pm. For each distance the voltage stays
constant during the current increase and an increase of the volt-
age with increasing electrode distance is visible. The voltage
differences for He are larger compared to Ar and all mea-
sured voltages are smaller, which results in a smaller plasma
resistance.

A variation from —159 + 4 V at —0.65 + 0.03 mA to
—176 = 2 V at —1.97 £ 0.03 mA is visible with identical
behavior as for the positive polarity. Comparing both polar-
ities, the asymmetry of lower absolute voltages and currents
can be seen. Overall, these distance and gas-dependent dif-
ferences in the -V characteristics enable to gain information
on possible problems of assembly, wear marks, or bending of
electrodes due to the pressure gradient.

Changing the electrode material (figure 4) can have sig-
nificant impact on the microplasma and prevent a stable
operation, as it was seen using Mg as electrode material in
combination with Ar as working gas. This combination
resulted in the already mentioned self-pulsing behavior of the
discharge. Hence, no /-V characteristics for Ar/Mg are shown
in figure 4.

First, Cu and ITO electrodes with an electrode distance of
100 pum will be compared to Au as electrode material. Again,
in figure 4 the /-V characteristics for Ar (figure 4(a)) and He
(figure 4(b)), resp., for the different electrode materials are
compared. Normal glow discharge properties are visible as
soon as the already discussed minimum current is surpassed.
For Ar as working gas and ITO as electrode material even the
dark discharge regime and the Townsend transition to the nor-
mal glow region is visible at low currents [11, 22]. This transi-
tion, not being present for other material and gas combinations,
can have several reasons. Surface roughness could be the main
difference, as it influences the local electric fields, spark tran-
sitions and SEE [40, 42]. The Cu surface of the PTP, which
was coated with Au or Mg, is rougher when compared to the
ITO coated glass electrodes as revealed by scanning electron
microscope (SEM) imaging. This effect could be investigated
in more detail in further studies and is beyond the scope of the
current work.
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Figure 4. [-V characteristics of the microdischarge using different electrode materials and Kapton spacer of 100 pm thickness. A minimum
current is necessary for a stable discharge operation. The nearly constant voltage with increasing current indicates a normal glow discharge.
The insets highlight the voltage differences in the current regime of stable operation.

Nevertheless, the changes at small currents for ITO elec-
trodes in figure 4(a) for different electrode materials behave
similar to the already discussed Au electrodes. For He as
working gas (figure 4(b)) material-depending differences are
observable. First, during the use of ITO electrodes a lower min-
imum current of 0.454- 0.03 mA is necessary. Second, in the
stable region a difference, even more pronounced for the neg-
ative polarity, between the materials is visible. ITO electrodes
result in the smallest voltages of about 150 V, or —135V, Cu
shows voltages around 150 V, or —145 V, and Au electrodes
are operated at around 170 V, or —168 V. Again, these volt-
ages are related to the different resistivity of the microplasma,
which can result of different factors.

Mg as electrode material results in the lowest measured
voltages between 75 £3 V at2.95 £ 0.03 mA and 93 £ 18 V
at 1.95 + 0.03 mA, or —88 & 7 V at —2.95 + 0.03 mA and
—99 £ 8 Vat—1.65+0.03 mA, respectively. The low resistiv-
ity of the plasma itself aggravates the current limitation while
keeping up with the necessary voltage. The origin of the low
resistivity could be a larger effective SEE coefficient, which
will be discussed in more detail in section 3.4.3.

3.2. Optical emission spectroscopy

The aim of OES was to verify the gas purity and confirm the
stability of the microplasma by taking time-resolved spectra.
Exposure times in the range of 0.3—1 s have been used to take
repetitive spectra of the discharge. The absolute intensity val-
ues changed with time as the discharge itself is moving within
the accessible diameter of 1 mm, which was confirmed by opti-
cal imaging in section 3.3.1. Still, the ratio between the differ-
ent measured spectral lines was constant over time indicating
a stable discharge glow.

Typical spectra with the identified lines are shown in
figure 5 for common operating conditions. Mainly, Ar I or
He I lines, resp., are visible in the spectra which show some
broadening effects due to pressure and temperature. Further-
more, O I lines are visible in all spectra, while no N I lines
were detected, which indicates that oxygen originates from
the probe surfaces and not due to leakage of the gas box. For
He as working gas (figure 5(b)) even Au I lines were detected

stressing the importance of the plasma surface interaction. The
lines are most pronounced for the smallest interelectrode dis-
tance of 50 pum. The reason for this artifact could be that
the same 100 um Kapton spacer was used for all electrode
materials to keep the discharge conditions identical. Proba-
bly, the spacer got contaminated during the first measurements
using Au electrodes. Au lines missing in the Ar spectrum
(figure 5(a)) can have several reasons: either the excitation
mechanisms by metastables are more favorable using He as
working gas or the lines are simply overshadowed by Ar I
lines, as it could be the case for the 750 nm line. The limited
spectral resolution of the spectrometer used unfortunately pre-
vents a more detailed evaluation. Nevertheless, the intended
observations within the scope of this work could be achieved.

3.3. Optical imaging

3.3.1. Top-view imaging. Replacing the PTPs by ITO coated
glass plates enables a view through the electrodes and the
discharge. In figure 6(a) a glow discharge in the observed
area with the diameter of the Kapton spacer is clearly visible.
Figure 6(b) shows the same area with ambient lights switched
off and a plasma ignited. For all studied conditions only one
glow discharge channel could be observed which was con-
stant in size for one set of parameters. However, the channel
could move within the accessible region. The motion could
happen slowly or rapidly jumping from one spot to another.
Noticeable was the motion becoming more rapidly in time
most likely as a result of increased electrode surface rough-
ness, which was observed using SEM examination of used
electrodes.

By measuring the diameter of the nearly circular foot-
prints of the tubular plasma the areas of the discharge chan-
nels were determined in dependence of the discharge current
(figure 7(a)). Conversion from pixels to mm was done by using
the 1 mm diameter whole in the Kapton spacer (marked in
red) as scale. If a pixel’s intensity surpassed 50% of the pic-
tures maximum intensity the plasma was assumed to be present
at this pixel. For Ar the area grew from 0.03 £ 0.02 mm? at
1.1 +0.2mA to 0.08 & 0.02 mm? at 2 + 0.1 mA. The increas-
ing area was expected, as it is a typical feature of a normal DC
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Figure 5. Normalized optical emission spectra in the interested wavelength range where emission was detected for different electrode
distances and materials. The visible lines have been assigned using the NIST database [43].

Figure 6. Top-view of the discharge with ambient lights switched
on (a)) or off (b)). The 1 mm diameter accessible discharge region is
marked in red. The plasma was operated in Ar at approx.

2 mA/200 V using ITO electrodes.

glow discharge. Furthermore, the discharge area being smaller
compared to He, which grew from 0.038 4 0.007 mm? at
0.9 4 0.06 mA to 0.155 £ 0.004 mm? at 2.17 4 0.07 mA,
is a result of Ar having a lower ionization coefficient and
higher reduced electric field gradients compared to He and,
thus, tends to form filaments [44—46]. The higher variance
in the He measurements using a negative polarity is again
caused by a higher surface roughness, as the measurements
were performed using the same setup starting with the positive
polarity.

The calculated current densities are shown in figure 7(b),
which are in the range of 28 4+ 2 mA mm 2 for Ar or
16 4+ 2 mA mm~2 for He. They are nearly constant and inde-
pendent on the current which again is a typical feature of
the normal glow regime. Measurements of the current den-
sity j and the applied voltage V enable to apply the collision-
dominated Child—Langmuir-law [20],

9 v
J= gt g

&)
where ¢y depicts the vacuum permittivity, ; the ion mobil-

ity and d the sheath thickness. The ion mobility is calcu-
lated based on the ion mean free paths \; and velocity u;

26’/\1

Hi = WMi‘ui‘ ’

(6)
e represents the elementary charge and M; the ion mass.
The ion—atom collision crosssection o; is estimated to be
oar = 107" cm? [20] and oy = 5 x 10~'% cm? [20]. Together
with the neutral gas density n, (2.1 x 10% m™, ideal gas
law using atmospheric pressure and a gas temperature of
80 °C, which corresponds to the measured electrode temper-
ature during the PTP measurements) the respective A; values

are estimated: !

N0

A =

(N

The ion velocity u; is calculated numerically by a collision
based model. The ions are accelerated in the electric field E
of the as capacitor assumed discharge E = V /D, where D rep-
resents the electrode distance. Even though the voltage mainly
drops in the sheath which results in higher electric fields, the
saturated ion velocity is independent on the electric field as
the collisions limit the velocity. The acceleration a is con-
stant over time a = (E*e)/M;. The acceleration, velocity and
traveled distance of the ion is updated in femtosecond time
steps and each time step the traveled distance surpasses the
mean free paths )\; of the respective ion a collision takes place
by reducing the kinetic energy of the ion by 50% and, thus,
reducing its velocity. After a few hundreds of femtoseconds
and a few cycles of colliding and accelerating the ion veloc-
ity reaches saturation. Finally, the saturated velocity is used to
calculate the ion mobility ;.

The calculated sheath thicknesses d from equation (5) are
shown in table 2. Significant differences depending on gas
and polarity are visible. Ar results in remarkably smaller
sheaths dimensions compared to He which is in accordance
with the larger electric field gradients of Ar [45, 46]. Further-
more, the polarity-depending difference indicates changes in
the reduced electric field. The assumption that the applied volt-
age mainly drops over the sheaths and, thus, being used to
calculate the sheath thickness in equation (5) causes a sys-
tematic error of the sheaths thickness calculation. Neverthe-
less, the obtained values seem to be realistic and showcase the
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Figure 7. (a) Observed area of discharge channels determined by optical imaging and the resulting current densities for Ar and He operated
at positive or negative polarity, respectively. Linear dependencies of the discharge area on the current are visible, which result in the nearly
constant current densities (b). The statistical errorbars are a result of over 100 analyzed photographs (exposure time: 100 ms) and
simultaneously measured currents with a 50 kHz sample rate, resulting in 5 x 10° current measurements for each data point. Neg/Pos label

in the legends refers to the applied polarity.

Table 2. Calculated sheath thickness of the microplasma using
the collision-dominated Child—Langmuir law. Two ITO
electrodes of a distance D of 100 um were used with different
currents applied to the plasma. The statistical error of
measurements using multiple currents is given.

Working gas Polarity Sheath thickness/pm
Ar Pos 4.99 +0.07

Ar Neg 1.06 +0.03

He Pos 19.0 £ 0.3

He Neg 6.6 £ 04

applicability of the collision-dominated Child—Langmuir-law
at atmospheric pressure and the validity of the normal glow
discharge characteristics of the microplasma.

3.3.2. Side-view imaging. In the setup utilizing two PTPs as
electrodes the camera was also mounted on the side of the
discharge perpendicular to the discharge channel. The neces-
sity to observe and image the discharge through the Kapton
spacer massively decreases the image quality. However, the
photographs still reveal typical glow discharge features and
help to verify the results regarding the sheaths thickness.
Figure 8(a) shows the copper electrodes separated by two
50 pm Kapton foils, indicated by the transparent orange box,
which add up to the 100 pm spacer. The erratic textured and
frayed surface of the in-shape cut Kapton foils is visible as
well as a dark slit where the foils are connected to each other.
These features in addition to the reduced light transmission
through the Kapton foil result in remarkable systematic errors,
as seen in figure 8(b). The results from section 3.3.1 as well
as expectations from literature [39, 47-51] suggest a homoge-
neous glow in horizontal direction while gradients or separated
emission zones along the vertical direction should be visible.
Unfortunately, fractured emission features reflecting the sub-
optimal structures of the Kapton spacer can be recognized. Still
the concept of the Kapton spacer was used to keep the setup as

close as possible intended for the in situ TEM measurements
in future.

Many videos of all addressed operating conditions utilizing
PTP’s as electrodes have been analyzed to distinguish between
emission features originating from the Kapton spacer (arti-
facts) and real features of the discharge showing dependen-
cies on plasma parameters. The red dashed line in figure 8
marks an image column which, together with its surround-
ing, was identified to mainly showcase emission caused by
the microplasma. This dashed image column was chosen for a
closer evaluation. A 10 um spaced ruler (Thorlabs R1L3S2P)
has been used for spatial calibration of the images. The cal-
ibration results were crosschecked with the thickness of the
Kapton foils. The electrode positions marked in figure 8 were
identified by eye using the pictures at ambient lights on. The
exposure time was kept constant at 1 s for all parameters and
copper electrodes (PTP) have been chosen for the investiga-
tions presented here, since copper showed the best agreement
to the /-V characteristics (see figure 4) obtained using ITO
electrodes. Similar photographs have been obtained for the
other addressed conditions, too.

The emission intensity between the electrodes along the red
dashed line is shown in figure 9. A dip in the intensity is visible
at 50 pm in the center of the electrodes which is caused by the
connecting slit of the Kapton foils. The light intensity for Ar
as working gas is higher compared to He operation, which was
already observed during emission spectroscopy and top-view
imaging and which is expected due to the higher current densi-
ties. Furthermore, a shift of the intensity maximum towards the
negative electrode is visible and higher light intensities have
been observed for the negative polarity of the microplasma.
The asymmetry in emission is larger using Ar, or the negative
polarity in general, as well.

Comparison of the emission profiles with the calculated
sheaths thicknesses (table 2) shows at least agreement in
the trends of Ar having smaller sheaths compared to He
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Figure 8. Side-view photographs of the electrodes and the Kapton spacer (setup from two 50 um Kapton foils) at ambient light without
plasma (a) and while operating using Ar as working gas at approx. —2 mA/—200 V (b).
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Figure 9. Intensity profile of the light emission along the red dashed
line in figure 8 for different operating conditions. The light emission
profiles have been smoothed by a moving average (window width of
5 pixel/1.67 pm) and the neg/pos label in the legend refers to the
applied polarity.

and the negative polarity resulting in smaller sheaths com-
pared to the positive one. The image quality especially
close to the electrodes as well as discord in literature about
the possibility to pin down the sheath edges based on the
emission [52, 53] prevent a validation of the calculated
values. Still, the proposed trends for Ar and applied negative
polarity resulting in smaller sheath thicknesses based on the
collision-dominated Child—Langmuir law are in accordance
with the observed emission. Hence, the normal glow character
of the microplasma as well as the applicability of the collision-
dominated Child—Langmuir law at atmospheric pressure have
been demonstrated once more.

3.4. Energy flux measurements

3.4.1. dT-depiction and evaluation procedure. The use
of PTP’s as electrodes of the microplasma allows the
measurement of the energy flux to the electrodes in addition to
other applied diagnostics. For the experiments the plasma was
ignited for 10 s ten times for each process parameter. Between

the duration of plasma operation (10 s) the electrodes cooled
down for 60 s. The measured temperature data was smoothed
(moving average, window width 50 data points/0.56 s) and
subsequently derived in time numerically. Thus, heating
and cooling phases of the electrodes result in positive or
negative temperature changes (d7/dt). For the evaluation the
dT-method [24-26, 54, 55] was used. The dT-depiction of
three measurements performed with two gold-coated PTP’s
at a distance of 100 pum using a current of approx. =2 mA
in Ar are exemplary shown in figure 10. The d7-depiction
method offers direct conversion to the energy flux, as the
temperature change 7 necessary for solving equation (4)
is directly visualized and the difference of the temperature
changes is represented by the gap between the data points.
Two parallel lines would be expected for a constant power
influx Pj, and power loss P, during the plasma operation
[24, 26, 55, 56].

The positive electrode shown in figure 10(a), as well as
for the grounded electrode during operation using the nega-
tive polarity shown in figure 10(d), the expected behavior with
a deviation at the beginning of the heating or cooling phase
is obtained. This deviation is caused by thermal inertia of the
probe and was seen before [55]. Larger and unexpected devi-
ations are found for the grounded electrode during operation
using a positive polarity in figure 10(b) and for the negative
electrode in figure 10(c). These overshoots at the beginning
of the heating or cooling phases are unexpected, as they indi-
cate a significantly higher power influx or power loss, respec-
tively, directly after switching the plasma on or off. Effects
caused by the placement of the spacer and, thus, the location
of the discharge relative to the thermocouple connection of the
PTP could be excluded by various experiments with differ-
ent spacer positions and a simplified COMSOL Multiphysics®
[57] simulation showing that the thermal conductivity of cop-
per is high enough to heat the thermocouple connection nearly
independent on the discharge position.

The observed overshoots are attributed to ions or fast neu-
trals due to charge exchange as they only appear on the more
negative electrode of the discharge independent of all other
conditions. The overshoots are highly reproducible and their
maxima are influenced by the electrical input power. High
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Figure 10. d7-depiction of three measurements performed using two gold electrodes with 100 m spacing and Ar as working gas.

(a) represents the measurement at the positive electrode and (b) at the grounded electrode while a current of approx. 2 mA was used.

(c) denotes the measurement at the negative electrode and (d) at the grounded electrode using approx. —2 mA. Different maximum
temperatures are a result of unequal plasma operation times, as the power supply was switched on for 10 s while the plasma was not always
igniting instantly. The linear fits used for the evaluation as well as the fitting regions are marked in red for the heating phase and in blue for
the cooling phase. More details on the evaluation methods are given in the text.

power results in larger overshoots with their maxima at higher
temperatures, but appearing constant in time roughly 0.8 s after
switch on or off the plasma, while the electrical power is con-
stant during plasma operation. The following mechanism is
proposed to explain the observed overshoots: the discharge is
ignited and the plasma sheaths are formed, accelerating ions
to the electrode. The ions collide due to the high gas pres-
sure and may transfer their energy to non-ionic species, but
still the energy will be dumped into the electrode [24, 58—60].
The energy is absorbed by the electrode surface, resulting in
the temperature increase of the PTP. After a short time, addi-
tional energy absorbed by the surface may result in desorption
or even sputtering of surface atoms, which will carry energy
off the electrode, resulting in a higher power loss term and,
thus, decreasing the temperature rise of the electrode. Au lines
being visible in the spectra in figure 5 are a good indicator
of surface species getting released into the gas volume. An
equilibrium between power influx and power losses is reached,
which finally results in the expected linear behavior in the
dT-depiction.

For the cooling phase the mechanism is quite similar. But
this time the power influx is reduced over time, as the discharge
does not switch off instantly. Capacitors inside the power sup-
ply as well as the discharge circuit itself become unloaded by
the resistance of the plasma and the pre-resistor. The over a
short time decreasing current and, thus, the electrical power,
are visible in the electrical diagnostics. The high power loss
including the surface desorption/sputtering also decreases over
time, but slower compared to the power influx, resulting in a
net larger cooling which reaches the equilibrium as soon as the
increased cooling induced by the plasma vanishes.

For the evaluation linear fitting is performed in the equilib-
rium region of the d7-depiction. For the heating fit, data points

above 70% of the maximum temperature have been taken into
account and for the cooling fit, data points below 40% of the
maximum temperature have been included. In figure 10 these
regions are marked in red or blue, respectively. The energy flux
is then calculated following equation (4) based on the linear
fits and their values at the probes minimal and maximal tem-
perature. Hence, two energy flux values per measurement are
obtained. Mean values and standard deviations are calculated
for each parameter set including all repetitions.

3.4.2. Results forenergy flux and power balance. Theresults
of the energy flux measurements using Ar as working gas in
combination with different spacer thicknesses, electrode sur-
faces and currents are shown in figure 11. The values are
normalized to an area of 0.79 mm? which reflects the spacer
diameter of 1 mm. Normalizing the energy flux values to the
discharge areas determined in section 3.3.1 results in nearly
constant energy fluxes independent on the discharge current.
The rescaled values are listed in table 3 where the given errors
represent the standard deviation of building the mean val-
ues over four different currents measured for each parame-
ter. This observation indicates, that the main energy transfer
happens within the formed discharge channel. Still, radiation
and other plasma-generated species could leave the discharge
channel and contribute to the energy flux outwards of the dis-
charge channel. Therefore, and because only the absolute val-
ues change but not the observed trends, the energy flux values
normalized to the full electrode area (0.79 mm?) are shown in
figure 11. The diagram will be discussed now in more detail:
The measured energy flux increases, as expected, with
increasing currents and, thus, increasing input power. Further-
more, an asymmetric energy flux is found even with more
energy being transferred to the more negative electrode. This
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Figure 11. Energy flux measurements performed using Ar as working gas for several combination of electrode material, electrode distance

and polarity.

Table 3. Energy flux values normalized to the discharge area determined in section 3.3.1 (rescaled energy
flux, REF) in dependence on the electrode material (Mat), electrode distance (D), electrode polarity (EI)
and working gas (ar or ge). Additionally, the in section 3.4.3 calculated and in figure 16 shown effective
SEE coefficients are listed for the sake of completeness. Emphasis should be given rather to trends than to

exact values as the method has some limitations addressed in the main text.

Mat

REFA/W cm~2 REFy./W cm™?

D/pm El VEAr VEHe
Au Neg 275 £5 123 £ 1 1.02 £ 0.04 1.18 £0.03
Gnd 215+ 3 119 + 1 — —
Pos 193 +2 98+ 1 — —
50 Gnd 275 +3 117 £ 1 0.99 £ 0.03 1.07 £0.02
Neg 256 + 1 117 £2 1.11 + 0.05 1.33 £ 0.03
Gnd 195 £1 108 =1 — —
Pos 173 £1 88 £ 1 — —
100 Gnd 160 £ 1 111 +£1 1.15 + 0.05 1.21 £ 0.03
Neg 253 +£2 108 1 0.92 £ 0.06 1.51 £0.02
Gnd 174 £ 4 95 +1 — —
Pos 149 £ 2 80 +4 — —
150 Gnd 250 +£2 104 £ 5 1.10 + 0.06 1.40 £ 0.02
Neg 260 £ 1 111 £ 1 1.09 + 0.08 1.16 £0.03
Gnd 186 £ 1 91 +1 — —
Pos 199 +7 90 + 1 — —
Cu 100 Gnd 249 £ 6 94 4+ 1 1.16 £ 0.08 1.38 £ 0.03
Neg — 5445 — 1.57 £0.13
Gnd — 62+5 — —
Pos — 44 + 2 — —
Mg 100 Gnd — 47+ 3 — 1.35 £0.16

asymmetry increases with increasing electrode distances and is
more distinct for the positive polarity if Au is used as electrode
material or for the negative polarity if Cu is used. The asym-
metric energy flux is assumed to be caused by the ions which
are accelerated by the electric field of the sheath in front of the
more negative electrode. The ions collide and transfer some of
their kinetic energy multiple times on their way to the elec-
trode and, still, the transferred energy will be dumped into the
electrode at some point by e.g. metastables, fast neutrals or
radiation [24, 33, 58—-60]. The area of ion acceleration is
shifted further away from the center between the electrodes
with increasing electrode distance, as the applied voltage

mainly drops within the sheath region [24, 33, 61]. Thus, the
probability of the energy being dumped into the more negative
electrode increases with increasing electrode distance.
Estimations of the sheath thicknesses (given in table 2) sug-
gest larger sheaths for the positive polarity, which could be
the reason for the larger asymmetry, as the ion acceleration
zone is larger. The turnaround of the asymmetry for Cu elec-
trodes is not covered by this explanation attempt. Instead, the
surface conditions might explain the change. The Cu elec-
trodes (PTP) were stored in ambient air and, thus, should
have an oxidized surface. O lines were observed in the emis-
sion spectra (see figure 5) and negative ions could be formed
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by the O atoms which also get accelerated in the electric
field. The contribution of negative ions to the measured energy
flux could be larger for the Cu electrodes, just by the expected
larger number density of available O from the oxidized Cu
surface.

Similar arguments can be made for the energy flux mea-
surements performed using He as working gas (figure 12).
Here the asymmetry is less pronounced compared to Ar and
nearly vanishes for the negative polarity using Au electrodes
and small distances. The smaller asymmetry can be a result of
the larger sheath thicknesses for He and, thus, a less asymmet-
ric ion acceleration region. Furthermore, the contribution of He
metastables could have a significant impact because they can
store a significant amount of energy and are not influenced by
electric fields. Simulations of a comparable He microplasma
showed high densities of He* and He; metastables in the
range of 2-3 x 10! cm~* symmetrically present around the
discharge center [62]. The same simulations also calculated
He™ and HeJ ion densities, which are two orders of magnitude
smaller (0.8—1 x10'? cm~?) compared to the metastable den-
sities, stressing the importance of metastables for the energy
transfer in He microplasmas once more.

The energy flux results obtained using Mg-coated PTP’s
separated by a 100 um spacer and He as working gas are sep-
arately shown in figure 13. They are not following the trends
observed for the other measurements. Higher currents com-
pared to the measurements shown in figure 12 had to be used
to provide approximately the same electrical input power to the
plasma as in the other experiments. Surprisingly, the asymmet-
rical behavior of the energy flux changes and a higher energy
flux is not measured at the more negative electrode. Instead,
the grounded electrode shows a higher energy flux despite the
polarity of the discharge. Furthermore, also a noticeable differ-
ence were observed in the optical emission of the discharge.
Figure 14 shows sideview images of the discharge for both
polarities of the discharge between the Mg electrodes (PTP).
In contrast to the results obtained for Au and Cu electrodes
shown exemplary in figure 9, the highest observed emission is
not shifting towards the more negative electrode. This might
be a hint for the origin of the changed asymmetry as a lot of
power could be converted in radiation in front of the powered
electrode and, thus, not reach the powered electrode. The pos-
itive polarity showing a more intense emission while resulting
in a lower energy flux supports this this speculation.

The reason for this different discharge behavior is not yet
resolved. The Mg-coated PTP’s showed an expected oxide
layer in energy dispersive x-ray spectroscopy examination per-
formed within the SEM after the energy flux measurements.
Thus, a quite high SEE coefficient is assumed, which results
in a lower resistivity of the plasma itself, already visible in
the /-V characteristics in figure 4(b). The SEE coefficients
of Au (approx. 0.02 [63, 64]) and MgO (approx. 0.5 [65])
given in literature for low energy ions are only partly use-
able for the present discharge and will be discussed in more
detail in section 3.4.3. The lower resistivity results in higher
currents being necessary to generate a sufficiently large volt-
age drop across the discharge. This voltage drop is about half
as large as for the other electrode materials and should still

1

Table 4. Determined conversion efficiencies ces from electrical
input power P to measured calorimetric power Pg, by the linear
fitting applying Pca = cer X Pe1. Given error represent the
uncertainty of the linear fit.

Electrode setup Argon Helium

50 pm Au 0.918 £ 0.004 0.901 + 0.004
100 pm Au 0.827 + 0.005 0.814 + 0.007
100 pm Cu 0.822 + 0.006 0.845 + 0.004
100 pm Mg — 0.837 £ 0.030
150 pm Au 0.789 + 0.012 0.729 + 0.002

influence the asymmetry of the energy flux. In the scope of the
current work it is not possible to answer the questions on
the different discharge dynamics in detail, but still the effec-
tive SEE coefficient for the Mg electrodes will be determined
and compared to the coefficients of the other electrodes in
section 3.4.3.

The power conversion from electrical to thermal power is
addressed in more detail as the thermal power can be reported
as the power which is available for surface modifications.
Thus, the conversion factor from electrical to thermal power
can be understood as efficiency of the discharge for surface
treatments. The measured energy fluxes at both electrodes are
added and the area normalization revoked to obtain units of
power. The obtained power values are plotted versus the mea-
sured electrical power in figure 15. Linear fitting is applied to
the data points to determine the conversion efficiency c. fol-
lowing the equation Pnerm = Ceft X Pel, Where Piherm denotes
the measured thermal power and P, the electrical input power.
The determined conversion efficiencies c.s are given in table 4
and can be divided into three groups based on the electrode
distance. The main undetected power loss term is assumed to
be radiation [66], which can leave the discharge volume to
the sides through the spacer. With increasing electrode dis-
tance the potential loss area for radiation increases in absolute
numbers as well as relative to the energy flux detection area.
Thus, a decreasing conversion efficiency with increasing elec-
trode distance was expected. The determined efficiencies in
the range of approx. 80% are quite high compared to other
atmospheric pressure plasmas as these offer more power loss
pathways [32, 55, 67].

3.4.3. Determination of effective secondary electron emis-
sion (SEE) coefficients. Based on the power balance at the
cathode, effective SEE coefficients v can be determined as
reported in literature for low pressure abnormal glow dis-
charges [33, 34]. The effective SEE coefficient describes elec-
trons ejected from the cathode not only by impinging ions,
but also by taking into account non-ionic species directed to
the cathode, e.g. photons, fast neutrals, and excited species,
which my release secondary electrons, too. Therefore, effec-
tive SEE coefficients are larger compared to their originally
collision-based ion-induced secondary electron coefficients of
low pressure plasmas [40]. Especially, for atmospheric pres-
sure plasmas, as the ion kinetic energy is comparably low as
the energy is transferred from ions to non-ionic species due to
the large number of collisions.
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Figure 12. Energy flux measurements performed using He as working gas for several combinations of electrode material, electrode distance

and polarity.
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Figure 13. Energy flux measurements performed using 100 pm
separated Mg-coated PTP’s and He as working gas for different
polarities.

Figure 14. Sideview photographs of the microplasma discharge
during energy flux measurements utilizing two Mg-coated PTP’s
separated by the 100 pm thick Kapton spacer. Exposure time
(50 ms) was equal for both polarities.

The measured discharge current I consists of two compo-
nents, the ion current /; and the electron current /., [20, 68].
In the cathode sheath the current is dominated by the ion cur-
rent /;c and the secondary electron current /. ¢ [20, 40, 69]:

I =Ilec+Iic. (8)

Similar to ion-induced SEE the effective SEE coefficient
g connects both currents at the cathode I c = vglic [33].

Equation (8) can be written as

I=1IcOg+1). ©)

Using the assumption, that the measured voltage V mainly
drops across the cathode sheath and, thus, the cathode
sheath voltage V¢ equals almost the measured voltage
V = V¢ [20, 21, 61] equation (9) can be multiplied by V to
obtain the expression /;¢ x V, which can be understood as the
power carried to the cathode by ions P;c [24, 33, 59].

I xV= i,C X V(’}/E+1)
P =Picre+1).

(10)
(1)

Even for the highly collisional sheath the ions gain energy in
the sheath and may transfer this energy to non-ionic species or
radiation during the collisions. Still, the gained energy will be
dissipated into the cathode either directly by ion impact or indi-
rectly via radiation or the non-ionic species [24, 33, 58, 59].
The power transferred to the cathode (Pperm,c) Was directly
measured by the energy flux measurements in section 3.4.2.
Thus, Ppemc can be identified as Pjc and equation (11)
rewritten as
P el
P therm,C

The calculated effective SEE coefficients for the different
experimental conditions are shown in figure 16. These val-
ues have to be taken with care as the here described method
depends on oversimplified assumptions and does not take
kinetics into account which are an important factor in the pro-
duction of secondary electrons [40, 69]. Thus, the focus should
be set to the obtained trends and not exact values.

As expected, they are way larger compared to their purely
ion-induced counterparts which are typically below 0.3 in the
expectedion energy range [20, 27, 70—75]. They are also larger
compared to other effective SEE coefficients determined by
similar measurements [33, 34] or based on breakdown voltages
[35]. The main reason for the comparably rather high values is
due to the gas pressure. Less energetic ions are actually reach-
ing the cathode, since the short mean free path results in an

VE —1. (12)
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energy transfer from the ions to non-ionic species as discussed
before. Furthermore, ions can recombine within the sheath
with secondary electrons produced by ionic and non-ionic
species from the electrodes.

Overall, the effective SEE values obtained using He as
working gas are slightly larger compared to their Ar counter-
parts. In low pressure plasmas this is usually the other way
around, as Ar with its higher mass acquires higher kinetic
energies. Here, due to the short mean free paths the kinetic
energy of the ions is negligibly low (below 0.1 eV based on
the collision based model from section 3.3.1) compared to the
recombination energies of He (24.6 eV) or Ar (15.76 eV, resp.)
[20]. Further, the He metastables or more energetic radiation
could also favor the higher effective SEE coefficient for He at
atmospheric pressure.

The trend of higher effective SEE coefficients with increas-
ing electrode distances (except for Ar 150 pm) might indicate
more collisions based on the longer discharge path and, thus,
more energetic non-ionic species and radiation contribute to

the effective SEE coefficient. The decreased SEE value for Ar
at an electrode distance of 150 pm could indicate a change in
the discharge operation mode, even though nothing conspic-
uous was visible in the electrical and optical diagnostics. Top
view imaging could be applied to check on the discharge chan-
nel width and behavior, but is beyond the scope of the current
study.

The effective SEE coefficients for the different electrode
materials again show the dependence not only on the surface
material, but also on the discharge conditions, as the effec-
tive SEE coefficient is sensitive to e.g. radiation and produced
metastables. The determined coefficients for Au and Cu are
comparable and in the range of 1.1 to 1.3. The coefficient for
Mg is with approx. 1.3 to 1.6 larger and could only be deter-
mined for He as working gas. The larger effective SEE coeffi-
cient for Mg was already speculated as origin for some signif-
icant differences in the behavior of the microplasma presented
in the current work.
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4. Summary and outlook

Electrical, optical and calorimetrical diagnostics have
been applied to an atmospheric pressure DC normal glow
microplasma discharge to ensure its stability and to gain
insight into the discharge properties, especially, focused on
the plasma surface interaction. The atmospheric pressure
DC glow discharge combines a simple setup with small
dimensions, excellent reproducibility and high efficiencies.

Electrical diagnostics were used to determine /—V charac-
teristics which showcased typical normal glow discharge fea-
tures. Significant differences depending on the working gas,
electrode distance and electrode material were shown. These
differences enable in situ diagnostics of e.g. changing elec-
trodes solely by electrical measurements. Further, the stable
operation in the range of investigated conditions enables adap-
tations of the basic electrical setup depending on the desired
application.

The optical diagnostics confirmed the glow-like behav-
ior indicated by the /-V characteristics. OES revealed the
expected broadened Ar I or He I lines, but also O I and Au
I lines. The excited O and Au atoms origin from the elec-
trode surface and indicate a strong plasma surface interac-
tion. Imaging through ITO coated glass electrodes revealed
the discharge channel and enabled the determination of current
densities. The current density is almost constant with increas-
ing currents as the discharge channel width increased typically
for a normal glow discharge. Sheath thicknesses could be cal-
culated by the collision dominated Child—Langmuir law and
the observed trends confirmed by side-view imaging of the
discharge.

The energy flux measurements revealed an asymmetric
energy flux with an increased power transfer to the cath-
ode probably caused by ions. Furthermore, a non-constant
energy flux only to the cathode could be observed using the
dT-depiction, which was explained by the different contribu-
tions to the measured integral energy flux. The determined
energy fluxes were in the range of 10-30 W cm~2 or up to
275 W cm 2 for Ar as working gas and an electrode distance
of 50 pm, if normalized to the observed discharge diameters,
which are quite large compared to other atmospheric pres-
sure discharges and should result in several surface changes.
In combination with electrical diagnostics the power balance
of the different discharge configurations could be measured,
which revealed high efficiencies in the range of 70%-90%
only depending on the electrode distance. The power losses
are mainly due to radiation which can leave the discharge
undetected sideways through the spacer.

Effective SEE coefficients have been discussed and calcu-
lated based on the power balance at the cathode. As expected,
these coefficients are not solely depending on the electrode
material. Instead, the discharge conditions play an important
role, as the production of non-ionic species and radiation are
crucial in the production of secondary electrons. Different
effective SEE coefficients in the range of 1.1 to 1.6 depend-
ing on electrode material, discharge polarity and working gas
have been determined.

The rather simple setup for the generation of a stable
atmospheric pressure DC normal glow microplasma dis-
charge presented in the current work enables easy adapta-
tion. The low necessary electrical power and high efficiency
enables lab-on-chip applications as compact and cheap HV
DC/DC-converters are available. The gained knowledge about
the plasma surface interaction is important to understand
any surface changes caused by the microplasma. With the
planned integration of the presented microplasma cell into
TEM these surface changes will become visible in real time
and should be interpreted based on the results of the plasma
diagnostics.
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Correlations between energy flux and thin film modifications in an atmo-
spheric pressure direct current microplasma
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grids as electrodes
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Reprinted (adapted) from [324]. Reprinted (adapted) from [324].
Motivation:

The electrodes of the developed and in chapter 4 diagnosed microplasma were ex-
changed to Au coated TEM grids. This change made the setup identical with the
intended microplasma geometry for the in situ microplasma cell. Both electrodes are
TEM electron beam transparent. Therefore, the microplasma induced surface modi-
fications can be directly imaged by comparison of the electrodes before and after the
microplasma treatment. The ex situ observed surface modifications should serve as
benchmarks for the in situ experiments. Furthermore, a correlation between the sur-
face modifications and the measured energy fluxes was expected and hopefully can
be confirmed.
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Main Results:

The microplasma could successfully be operated utilizing two Au coated TEM grids
as electrodes. Clear correlations between the energy flux and the modification of the
polycrystalline Au thin film could be shown. Higher energy fluxes resulted in more
textured films with larger grains as postulated by structure zone diagrams mainly
used for low-pressure deposition processes. The ion contribution of the measured in-
tegral energy flux seemed to be the most important energetic contribution in regards
to the surface modifications despite the atmospheric pressure conditions. Further, uti-
lizing Ar or He as working gas resulted in significant differences in the power transfer
by ions from the plasma to the surface. For Ar the major power transfer mechanism
is given by the kinetic energy of ions or fast neutrals. For He the ion recombination
on the surface seems to be most important. The difference in these power transfer
mechanisms (many small doses for Ar, fewer high doses for He) resulted in more or
less uniform surface modifications and desorption hot spots in the case of He.
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ABSTRACT

A custom-built atmospheric pressure direct current microplasma discharge was designed utilizing Au coated
Si;N, transmission electron microscopy (TEM) grids as electrodes to enable a direct imaging of the plasma
treated anode and cathode surfaces. Significant differences between the anode and the cathode, as well as
between Ar or He operation of the microplasma, respectively, were observed already by examination of
the electrode surfaces by light microscopy. Scanning electron microscopy as well as TEM imaging revealed
details such as grain growth and changes in surface morphology. The energy fluxes from plasma towards
the anode and cathode were determined and correlated with the surface modifications. As expected from
structure zone diagrams higher energy fluxes result in higher degree of crystallinity even at atmospheric
pressure. Furthermore, ions and their respective energy contributions were identified to play a major role
for the surface modification, despite their low kinetic energy due to the large number of collisions. Depending
on the working gas, Ar or He, the identified energetic contributions of the total ion energy flux change and,

subsequently, result in visible differences in the plasma treated Au films.

1. Introduction

A suitable and convenient method of illustrating deposition features
of polycrystalline thin films are structure zone diagrams (SZDs). They
have been used and modified in the past to reduce deposition param-
eters to a minimum while representing universal features of the thin
films [1-4]. Due to its universal character the shown features can also
be recognized during modifications of thin films, as atoms and grains
rearrange during plasma treatment. Surface temperature and energy
flux to the substrate have been identified as key parameter in SZDs
which cannot be tuned individually as any energy flux affects the heat
balance of the substrate [2,5-7].

In the present study, for polycrystalline thin film modification an
atmospheric pressure direct current (DC) microplasma is used. Mi-
croplasmas combine high energy densities, high efficiency and low
ignition voltages at atmospheric pressure [8-15]. Energy flux mea-
surements utilizing passive thermal probes (PTPs) [16-21] have been
performed to measure the integral energy flux from the custom atmo-
spheric pressure DC microplasma to its electrodes [15]. The integral
energy flux consists of various components, e.g., impinging ions and
fast neutrals, ion recombination at the surface, metastable de-excitation
at the surface, and radiation [19,21,22]. Depending on the plasma

* Corresponding author.

conditions the contribution of each of the different components may
change [22-25]. Hereby, measuring the contribution of single com-
ponents of the energy flux and, thus, a separate consideration of the
different processes is difficult.

Using gold coated transmission electrode microscopy (TEM) grids
as electrodes instead of the PTPs enables to study simultaneously the
surface modifications caused by the microplasma directly. Changes of
the properties of the Au thin film electrodes are caused by the different
contributions of the measured energy flux [22,23]. Analyzing the en-
ergy flux itself as well as its impact on the thin film electrodes allow for
statements about the significance of the several contributions in regard
to thin film modification. Furthermore, visible correlations between
the integral energy flux and the surface modifications are visible and
can be interpreted in context of the established SZDs showcasing their
applicability even for atmospheric pressure plasma conditions.

In the near future, based on the idea of introducing a microplasma
into a TEM [26], the surface modifications caused by the microplasma
will also be observable in situ during the plasma treatment since the
microplasma geometry was developed for TEM integration [15]. The
present work aims to investigate the power transfer mechanisms from
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Fig. 1. Schematic sketch of the experimental setup for the energy flux measurements
(a) and the gold thin film plasma treatment (b). The surrounding PMMA box was
flushed with 3slm Ar or He for 1h followed by a constant 1slm gas inflow during the
experiments.

the microplasma to the surface, identifying the main components and
their impact on the observable surface modifications.

2. Experimental setup
2.1. Microplasma discharge cell

The schematic setup is shown in Fig. 1 and can be found else-
where [15]. The electrical circuit is identical for the energy flux mea-
surements and for the thin film plasma treatment. It consists of a 400 kQ
resistor to limit the current generated by a DC high voltage supply
(Heinzinger PNC 20,000 - 10 ump) set to —1kV for all experiments,
resulting in approx. —2 + 0.5 mA current through and —185 + 10V volt-
age at the microplasma [15]. A 200 pH inductor stabilizes the discharge
by suppression of fast current changes and a 10Q shunt resistor in
the ground line enables current measurements. Three different voltage
probes connected to an oscilloscope (PicoScope 5442B) were used to
measure the voltages at the power supply (Tektronix P6015 A 1000:1),
at the electrodes (Tektronix P5100 A 100:1) and at the shunt resistor
(Tektronix P2200 1:1). The discharge is housed in a 30x30x30cm?
Poly(methyl methacrylate) (PMMA) gas box. After flushing the box
with 3slm of Ar or He, respectively, for 1h a continuous flow of
1slm for another 2h was chosen to ensure gas purity inside the box,
especially between the electrodes. During the experiments the gas flow
was kept at 1 slm.

The electrodes of the plasma discharge differ depending on the
experiment. For the determination of the energy flux towards the
electrodes two passive thermal probes (PTPs, see Section 2.2) have been
utilized as electrodes. They are pressed to each other and separated
only by two 50 um thick Kapton foils with a hole of 1 mm diameter
specifying the discharge volume. The dielectric barrier of 100 pm Kap-
ton is set up from two foils to be identical with the setup utilized for
the thin film plasma treatment. A sketch of the setup using PTPs as
electrodes is given in Fig. 1 (a).

The Si;N, TEM substrates (PELCO® Silicon Nitride Support Films
for TEM, Ted Pella inc.), also called “grids”, consist of a 200 um Si
wafer covered by a 50 nm (for He treatment) respectively 200 nm (for
Ar treatment) thick low-stress, amorphous Si;N, membrane. A free
standing 500 x 500 um? membrane is formed in the central area as TEM
window by etching of the Si wafer. The TEM grid based electrodes used
for the study of thin film modification were prepared by DC magnetron
sputtering of a 50 nm gold film directly onto the Si;N, TEM substrates.
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Table 1

Heat capacities of the PTPs used as anode or cathode.
The small differences in the heat capacities originate
from the manual spot-welding process despite other-
wise identical construction of the PTPs. The given
error values represent the standard deviation from
multiple calibrations.

PTP Heat capacity/J/K

Anode 0.0127 + 0.0008
Cathode 0.0122 + 0.0005

A shadow mask is used to restrict the gold deposition to the central
area of the grid as well as contact pad. Electrical contact of the gold
film was realized by gluing a thin isolated copper wire (conductor
diameter: 25 pm, insulation material: Polyimid, thickness: 2 pm) on top
of the gold film with conductive silver glue (SCP, Silver Conductive
Paint, Electrolube). The gold coated Si;N, TEM grids were mounted
on top of small glass plates to improve their handling. Afterwards they
were pressed together, again, only divided by two slightly displaced
50 pm Kapton foils with a 1 mm diameter hole in their center. The slight
displacement of the foils at the edges is necessary to make room for the
cable contact placed on opposing sides as sketched in Fig. 1 (b). The
plasma on time for the gold coated Si;N, TEM grid treatment was 20s.
However, it can certainly be assumed that not the full electrode areas
are completely and homogeneously covered by the microplasma during
the treatment time [15].

2.2. Passive Thermal Probe (PTP)

The passive thermal probe (PTP) is a non-conventional diagnostic to
measure the power transferred from the plasma to a surface based on
calorimetry [19,21,22,27]. A 5.2 mm diameter and 100 pm thick copper
platelet is spot-welded to a type K thermocouple and a copper wire
for a separate electrical connection. The temperature of the platelet is
measured with a sample rate of 90 Hz. Similar to the Au thin film on the
TEM grids a 2-3 pm thick Au film was sputtered on top of the copper
PTP platelet. The heat capacity of the probe was determined using a
calibration described in [28]. The determined heat capacities are given
in Table 1.

The temporal temperature change 7" of the substrate is related to its
enthalpy H via its heat capacity C. A change of the enthalpy results in
a power term towards the substrate P, and power term away from the
substrate P, if the assumption of no processes inside the substrate is
valid.

H=CT:PM_Pout' (1)

An additional power transfer to the substrate is gained while the plasma
is switched on. After switching off the plasma the additional power
influx is no longer present. Thus, two equations can be obtained during
the plasma induced heating or cooling of the substrate

Heating : H,=CT,=P,-P, 2)
Cooling : H, = CT, = -P,,. 3)

Assuming equal power losses P,,, during heating and cooling of the sub-
strate Egs. (2) and (3) can be combined and rearranged. The transferred
power is normalized by the contact area A between the plasma and the
substrate to get the energy flux J;,

Jo= =S (1, 1,). @
For the shown results heating times (plasma on) of 10s followed by
60 s of cooling (plasma off) have been used. Ten repetitions were done
for each parameter.
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Fig. 2. Energy flux measurements utilizing PTPs as electrodes under identical condi-
tions as the surface treatment of the Au coated Si;N, TEM grids. The given energy
flux values for each gas differ as they were scaled to different areas. The values on
the left are scaled to the full available discharge area given by the Kapton spacer
with a diameter of 1mm. The values on the right are scaled to the discharge area
observed in [15]. The shown error bars represent Gaussian error propagation of
standard deviations from multiple measurements.

2.3. Surface diagnostics

The structure of the thin film electrodes was investigated by electron
microscopy as well as by optical microscopy. Bright field transmission
electron microscopy was performed using a FEI Tecnai F30 G* STwin
with an acceleration voltage of 300kV. Dark field TEM for grain size
analysis was performed using a JEOL JEM 2100 with an acceleration
voltage of 200kV. Scanning electron microscopy (SEM) was carried
out using a Zeiss Supra 55 V. Visible light microscopy was done using
a Polylite SC (Type: 301901) equipped with a Leica DFC280 camera.
The combined thickness of the Si;N, membranes and the gold thin
film electrodes is still low enough to be electron transparent, thus,
TEM investigation of the electrodes can be performed without further
modification of the electrodes. Due to the conductive nature of the gold
thin films imaging in the SEM is possible without modification as well.

3. Results and discussion
3.1. Energy flux measurements

The energy flux towards the electrodes of the presented
microplasma discharge is shown in Fig. 2. More details on the eval-
uation and a parametric study for this specific microplasma setup is
given in [15]. Here, we focus on the correlation between the energy
flux consisting of different contributions and the observed surface
modifications which is discussed in detail.

Fig. 2 shows two energy flux values per experimental parameter set.
The difference is due to the area normalization given in Eq. (4). On
the left scale the energy flux is normalized to A = 0.79mm?, which
is the whole area corresponding to the 1 mm diameter circle inside of
the Kapton spacer, as power gains and losses, e.g. by radiation, could
happen on the full accessible area. For Ar as working gas an energy
flux of 23.1 + 0.9W/cm? towards the cathode and 18 + 1.1 W/cm?
towards the anode was measured. The errors result from the standard
deviation while calculating the mean values over ten measurements.
A significant asymmetry in the energy flux to the electrodes is most
probably caused by the ions being accelerated towards the cathode.
Despite the high pressure and, thus, for short mean free path of the
ions, their energy gain in the electric field between two collisions will
be transferred to non-ionic species and at some point dumped into the
cathode [15,22,29-32]. He as the working gas results in energy fluxes
of 19.1 + 1.9 W/cm? to the cathode and 18.3 + 2.1 W/cm? to the anode.

Thin Solid Films 765 (2023) 139633

Argon

Helium

Anode Cathode

Fig. 3. Optical images taken with a light microscope show visible surface changes
caused by the exposure to the microplasma. The rectangular feature in the center of
the electrodes is the area of free standing membrane where TEM investigation can
be performed. The partly removed gold films are due to handling errors but have no
influence on the evaluation in the SEM and TEM. The difference in color are caused
by deviating Si;N, membrane thickness.

Again an asymmetry is visible, but not as significant as for Ar. The
reason for this smaller difference is probably the power conversion
from electrical to thermal power. He tends to form metastables which
can store significant amount of energy and are not influenced by the
electric field. Simulations of a similar discharge geometry showed He
metastable densities surpassing ion densities by two orders of mag-
nitude [33]. Further, also the different thermal conductivities could
influence the asymmetry, as the thermal conductivity of He is nearly
a magnitude larger compared to Ar [34].

On the right axis in Fig. 2 the energy flux is scaled to the ac-
tual (real) discharge area calculated from the current densities de-
termined in [15] multiplied with the measured currents during the
energy flux measurements. The error bars enlarge due to additional
error sources entering the Gaussian error propagation. As expected,
due to the smaller interaction area, the energy flux values increase to
246 + 66 W/cm? at the cathode and to 192 + 51 W/cm? at the anode for
Ar, and to 118 + 16 W/cm? and 113 + 15W/cm? for He, respectively.
These values should be seen as an upper limit for the energy flux as
radiation and other species could leave the visible discharge channel
and transfer power to the electrodes via not accounted area. The surface
diagnostics provide some hints that this is happening, which will be
discussed in Section 3.2.2. The contributions of the energy flux and
their effect on the gold film will be discussed in Section 3.3 after the
surface modifications have been shown.

3.2. Surface modifications

3.2.1. Optical microscopy

Preliminary observations of the plasma treated gold films were
taken by an optical microscope. Fig. 3 shows that the effect of the
microplasma is clearly visible. The cathodes are more affected by the
plasma treatment for the Ar microplasma showing more pronounced
changes. The stronger affected cathodes as well as the higher effect
when Ar is used as working gas correlate well with the energy flux
measurements. The area of the actual discharge channel of the mi-
croplasma is clearly visible in the gold films after plasma treatment.
The observed circular footprints fit to the observations made on this
type of discharge previously [15]. Fig. 3 indicates a more pronounced
surface roughness of the electrodes when Ar is used compared to the He
microplasma, which will be confirmed by the SEM imaging. Further,
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masked

Fig. 4. SEM micrograph of a thin film cathode operated in He for 20s. The effect of the discharge can clearly be seen tracing the border of the center within the Kapton spacer. At
higher magnification the surface modification caused by the plasma can readily be observed. The edge of the discharge volume is visible showing the confinement of the plasma.

with more visible footprints after 20s of plasma exposure for the Ar
operation, the discharge channel is obviously moving more rapidly.
The increased movement of the discharge channel on the electrodes
with more pronounced surface roughness strengthens the assumption
of a faster moving or even jumping discharge channel as a result of the
increasing surface roughness first formulated in [15].

The moving discharge channel is a problem for the intended goal
of producing one-to-one comparable plasma treated surfaces, as the
treatment time of the discharge channel centered above the considered
area given by the TEM window can vary for different experiments
depending on the spatial stability of the discharge channel. Further,
hitting the TEM window either with the edge or the center of the
discharge channel can also influence the treatment effect, as an energy
flux gradient within the discharge channel is assumed. Still, the shown
results and interpretations were reproducible while running multiple
iterations of the experiment. An improved setup for these kinds of
experiments with an even more restricted discharge region given by
a Kapton spacer with a central hole of smaller diameter could be
performed in the future but also requires extensive plasma diagnostics
as described in [15] to ensure stable operation and is beyond the scope
of the current work.

3.2.2. Scanning electron microscopy

The electrodes exposed to the plasma of the micro discharges were
transferred into the SEM to take a closer look at the resulting surface
structure. Fig. 4 shows a typical SEM micrograph of a He microplasma
treated cathode where the discharge area is distinguishable by brighter
contrast even after the Kapton spacers have been removed. An image
taken at the edge of the Kapton spacer clearly shows the border
between the electrode surface affected by the plasma and the unaltered
thin film. The plasma treated surface on the left shows an increased
surface roughness, visible through the increased contrast variation. On
the right the smooth surface still looks similar to the freshly sputtered
one. The visible edge of the Kapton spacer indicates that the surface
modification is not only just a result of the increased temperature dur-
ing the plasma treatment. The temperature can be assumed nearly equal
over the full electrode surface due to the high thermal conductivity of
gold [34].

Furthermore, the edge of the Kapton spacer is visible at all locations,
even if no clear footprints of the discharge are visible by optical obser-
vations. This indicates a plasma surface interaction or more precise a
power transfer over the full accessible area given by the Kapton spacer.
Without doubt spatial gradients in the power transfer to the electrode
are present, which cannot be resolved with the presented PTP. This
observation showcases once more the difficulty of choosing the correct

area for the normalization to obtain energy flux values at atmospheric
pressure plasmas [15,25].

Increasing the magnification shows the modified surface in more
detail. In Fig. 5 the surfaces of both the cathodes and anodes for He
and Ar plasma operation, respectively, are shown. For comparison an
untreated (pristine) electrode (a) as well as an electrode subjected
to heat treatment (d) are displayed. Heat treatment was used as a
benchmark for the surface modification caused by annealing alone. A
gold coated TEM grid was heated to 150°C for 10 min in air within
a tube furnace. The temperature of 150 °C was chosen based on the
measured maximum PTP temperature during plasma exposure. The
maximum PTP temperature was obtained on the cathode during Ar
operation and amounted to about 100°C after 10s, already showing
the first signs of saturation. With the TEM grids being plasma treated
for 20s, a higher temperature and longer heating time was therefore
chosen for annealing to exclude surface modifications achieved by
plasma treatment only resulting from the temperature increase during
plasma operation. All SEM images were taken at identical imaging
conditions and at identical magnifications. From the light microscope
image (see Fig. 3) it can already be seen that the effect of the plasma on
the electrode is not spatially homogeneous. In order to compare parts
of the electrodes subjected to similar plasma exposure areas near the
outer edge the footprints have been chosen for both anode and cathode
and He and Ar alike. The same procedure of selecting the investigated
area of the electrodes was again used during TEM analysis.

For the pristine as well as the heated electrodes (Fig. 5(a) (d)) the
SEM contrast corresponds to the crystal grains of the thin film, which
becomes evident by comparison to the bright field TEM micrographs
(see Fig. 6 (a) (d)). The heated electrode shows an increased grain size
as a result of the annealing. The same is true for the anode of the
electrode operated in He (Fig. 5 (f) ). Plasma treatment on the cathodes
(Fig. 5(b), (e)) as well as to a lesser degree for the Ar anode (Fig. 5(c))
on the other hand results in a change on surface morphology in addition
to grain growth resulting in an increased surface roughness. Particle-
like structures with diameters of approx. 200nm are visible on the
Ar cathode (Fig. 5(b)). On the He cathode (Fig. 5(e)) the plasma
treatment created localized dark spots from which considerably less
intensity is detected.

Gold atoms seem to partly desorb from the originally flat surface
and rearrange in the observed particle-like structures. This process is
especially pronounced for the cathode run in Ar, cf. Fig. 5(b). The
desorption process fits to the observation of gold lines present in the
optical emission spectrum and anomalies in the PTP measurements
obtained in previous studies [15]. As no complete, fully spherical
particles are visible on top of the surface (except for the Ar cathode
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Fig. 5. SEM micrographs with insets at higher magnification of the gold thin film electrodes in pristine condition as well as after the electrodes have been subject to microplasma
for 20s both for Ar and He as working gases. The scale of all micrographs respectively insets is identical. For comparison an electrode heated in air at 150°C for 10 min (a) is
investigated as well. Plasma exposure clearly results in a strongly increased surface roughness for the Ar and He cathodes (b),(c) as well as the Ar anode (c).

Fig. 6. Bright field TEM micrographs of the gold thin film electrodes. (a) Pristine condition. (b) Cathode after 20s plasma treatment utilizing Ar as working gas. (c) Anode of the
same discharge in Ar. (d) Heated to 150°C for 10min. (e) Cathode after 20s plasma treatment utilizing He as working gas. (f) Anode of the same discharge in He.

which will be discussed in more detail in Section 3.2.3), the rear-
rangement of the gold atoms seems to take mostly place directly at
the surface. This restructuring of the surface being most prominent
for the Ar cathode hints to a combination of thermal and ion induced
desorption of the gold thin film. While the kinetic energy of the ions
is assumed to be comparably low due to the large number of collisions
(below 0.1 eV [15]), recombination on the surface can locally release
a significant amount of energy (24.6eV for He or 15.76eV for Ar,
resp.) [13]. Thus, effects of the ions are expected even at atmospheric
pressure conditions and are visible here on the micro and nanoscale
alike.

3.2.3. Transmission electron microscopy

Insights into the grain structure of the thin films are gained by using
bright field TEM and selected area electron diffraction (SAED) to com-
pare to the structure zone diagram as mentioned in the introduction.
Fig. 6 shows TEM micrographs of the gold thin film electrodes at the
same magnifications after plasma treatment at different conditions. An
objective aperture was placed on the non-diffracted beam to increase
contrast and reveal the grain boundaries more clearly. In order to ob-
tain the grain size for each sample a small objective aperture was placed
on a section of the ring in the diffraction pattern corresponding to the
(022) reflection of fcc gold. In the resulting dark field images single
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Table 2

Mean grain sizes and their standard deviations de-
termined by TEM dark field imaging of the (022)
reflection. The two different regions on the Ar cathode
(edge and center) are addressed in the main text in
context of Fig. 7. The given error values represent the
standard deviation from multiple evaluated grains.

Sample Grain size/nm
Pristine 14.2 + 0.4
Heated 16.6 + 0.7
Ar anode 17.3 £ 0.6
Ar cathode edge 23.3 £ 1.0
Ar cathode center 29.3 + 2.4
He anode 145 + 0.4
He cathode 17.6 + 0.6

crystal grains are clearly separated allowing automatic size analysis
using the Digital Micrograph 3 suite (Version 3.42.3213, Gatan Inc.).
The mean grain diameters as well as the standard deviations are listed
in Table 2 for each sample.

In Fig. 6 (a) an image of the untreated (pristine) film is presented.
One can recognize comparably small, uniformly distributed crystal
grains with a mean size G of 14.2 + 0.4nm which are formed during
the preparation (sputtering) of the Au films. Heating of the thin film
alone resulted in a mean grain size of 16.6 + 0.7nm and is shown
in Fig. 6(d). Fig. 6(b) shows the cathode after Ar operation and
Fig. 6(c) the respective anode. Both electrodes for Ar as working
gas show increased grain size (anode: G = 17.3 + 0.6nm, cathode:
G = 23.3 + 1.0nm) compared to the as sputtered thin film (G =
14.2 + 0.4nm) in Fig. 6(a). Further, the grains on the cathode are
significantly larger compared to those on the anode, which corresponds
to the energy flux observations of a larger energy flux reaching the
cathode. The grain size on the anode is roughly comparable to the
heated sample. The cathode shows areas of lowered contrast indicating
a smaller amount of material in the direction of the TEM electron beam.
The area of increased contrast corresponds to larger local thickness
accordingly. For this imaging mode and magnification mass-thickness
and diffraction contrast are dominant [35]. Energy-dispersive X-ray
spectroscopy (EDXS) shows that after plasma treatment the thin film
still consists of pure gold. Combining these considerations it becomes
evident, that the low contrast areas correspond to local holes in the gold
thin film so that only the Si;N, membrane is left. The area of strongly
increased contrast most likely depicts a particle formed during plasma
exposition as observed with SEM, see Fig. 5 (b).

The He microplasma treated electrodes are shown in Fig. 6 (e) (cath-
ode) and 6 (f) (anode). Again, differences between the anode and the
cathode are visible with increased grain size (anode: G = 14.5 + 0.4 nm,
cathode: G = 17.6 + 0.6nm) on the cathode. On the cathode regions
of reduced contrast are visible which indicate thinning or even holes
within the electrode like for the cathode of the Ar plasma. These areas
are much smaller and more evenly distributed in the He case. They
are also visible in the surface morphology as observed by SEM (see
Fig. 5(e)) here indicated by dark contrast. For the electrodes of the Ar
microplasma the holes might be caused by material transfer towards
the particles by evaporation or desorption caused by the high energy
flux towards the electrode, especially to the cathode. For He the holes
might be the result of much more localized desorption hot spots. These
hot spots could be caused by ion recombination at the surface, as
the recombination energy of He (24.6eV [13]) surpasses the cohesive
energy of gold (approx. 3.2 eV/atom [36]) several times. Both the small
size as well as the even distribution of these film defects are in support
of recombination as the main reason. The positively charged ions only
impacting on the cathode for the case of the DC discharge result in
the hot spots only appearing at the cathode. Overall, the anodes show
similarity to the heated thin film and the grains of the electrodes
operated in He are smaller compared to the Ar treated electrodes. This
might indicate again the locally higher energy flux towards the Ar

Thin Solid Films 765 (2023) 139633

anode compared to the He electrodes and showcases the challenges
given by area normalization as the energy flux to the electrodes during
He microplasma operation was determined to be higher as the energy
flux to the Ar anode (see Fig. 2).

The TEM micrographs of the Ar and He cathode (Fig. 6 (b),(e))
mainly represent the grain structure of the thin film and differ from
their SEM counterparts (Fig. 5 (b), (e)). This difference is important, as
it shows that the SEM indeed reveals changes due to surface morphol-
ogy and not only related to the grain structure. Of course, the surface
morphology is linked to the grain structure, but the SEM contrast is
dominated by topological and edge contrast. Therefore, the increase in
surface roughness is confirmed again.

As already mentioned an energy flux and, thus, surface modification
gradient is assumed to be present within the discharge channel. Results
of this gradient were only found on the Ar cathode despite careful
analysis of several samples. Fig. 7 (a) shows two SEM micrographs
stitched together to show the film morphology change from the center
of the discharge footprint on the right towards the edge of the visible
footprint on the left. In the center of the footprint on the right, holes in
the thin film surrounded by a smooth film with large crystal grains are
visible. Fig. 7 (b) shows a SEM close-up of the central region showcasing
the smooth film with its holes. The mean grain size in this region was
again determined using the (022) reflections in the TEM dark field and
is with G = 29.3 + 2.4nm the largest grain size found in the current
study (cf. Table 2). A TEM bright field micrograph of this region is
shown in Fig. 7 (c). The previously shown TEM bright field micrographs
in Fig. 6 was taken at the edge of the discharge channel to be best
comparable to the He microplasma treated thin films as a complete,
sustained thin film is present. The largest grain growths being found
in the central region of the discharge footprint confirm the assumed
energy flux gradient. Further, holes only being found here are a strong
indication of a link between surface desorption and incoming energy
flux.

Focusing on the edge of the discharge footprint on the left in
Fig. 7 (a) particles with diameters of approx. 150 nm on top of the thin
film are visible. They do not appear in the central region and their
number increases with increasing distance to the central region. To
explain this observation the following mechanism is proposed: In the
central region Au atoms are desorbed from the surface due to the in-
coming energy flux which components will be discussed in Section 3.3.
The desorbed atoms start to agglomerate quite fast due to the high
pressure and charge up negatively while they are growing [37-39],
levitating at the edge of the plasma sheaths [40,41]. The temperature
gradient within the discharge channel results in a thermophoretic force
which pushes the particles outwards [42-44]. As soon as the particles
leave the discharge channel the electric field force vanishes and they
drop to the cathode surface due to thermophoresis and neutral drag.
These forces are supposed to become important, because the cath-
ode was mounted upside down during the experiments, thus, gravity
could not play this important role. Particles found between the edge
and the central regions in the middle of Fig. 7 (a) could either been
interrupted in their transport to the edge due to switching off the
plasma or due to instabilities in the discharge. The almost uniform size
distribution could indicate a self-limiting growth process by, e.g., the
acting forces depending on the particle radius a (gravitational force
a3, thermophoresis « a? and electric force « a' [40,41]) and, thus, a
limited residence time in the discharge channel. Further investigations
on the particle formation are beyond the scope of the current work,
as the modifications of the thin films is the main topic. Still, evidence
of material transport and surface desorption due to the microplasma
treatment could be found.

To gain information on the crystal structure of the thin films se-
lected area electron diffraction (SAED) was performed. Fig. 8 shows the
reflections corresponding to the different lattice planes of the pristine
thin films as well as after microplasma exposure and the annealed
electrode. In order to compare the different SAED patterns rotational
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Fig. 7. SEM and TEM investigation of the thin film morphology of the Ar cathode in dependence of the position outwards from the center towards the edge of the discharge
footprint. (a) SEM micrograph of the electrode structure with the directions towards the center and edge respectively indicated by arrows. The micrograph consists of two individual
images. (b) SEM micrograph of the center region indicated by the dashed rectangle in (a) showing holes in the thin film alongside a smooth film structure with large crystal
grains. (¢) TEM bright field micrograph (with objective aperture and non-diffracted beam) showing large crystal grains.
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Fig. 8. Electron diffraction investigation of the gold thin film electrodes. The rotational averages of the SAED patterns for both He (left) and Ar (right) plasma exposed electrodes
are compared to the pristine as well as annealed electrode. The Ar microplasma treated thin films are shown on the right and show an increase in texturization for both electrodes,
but especially in the center of the cathode. On the left the results of the He microplasma treated electrodes are depicted. The increase in texture is not as significant as for Ar yet

still clearly present, especially for the cathode.

averages are calculated which describe the angular mean of the inten-
sity profile outwards from the center as indicated by the annotation
in the SAED pattern of a pristine thin film electrode. The rotational
averages are indexed assuming fcc gold for reference. The SAED inves-
tigation confirms the already observed trend of the correlation between
the degree of surface modifications and amount of energy flux to the
surface. The Ar plasma treated electrodes show a clear intensity shift
to the (022) reflection, thus, the gold film becomes more textured. The
intensity shift is most pronounced for the central area and varies over
the area of the cathode, which was expected from the observed increase
in grain size and higher energy flux. For the He microplasma treated
electrodes an increase in texture is also visible, albeit less significant.

Here, a clear intensity shift from the (111) and (113) reflections to the
(022) plane is only visible for the cathode despite the nearly identical
energy flux. Annealing results in a similar degree of texture as the
case of the He plasma treated cathode which is in agreement with the
mean grain sizes determined by TEM dark field and TEM bright field
observations (see Fig. 6). The Ar plasma on the other hand leads to
stronger texture for both the anode and cathode alike.

Overall, a direct correlation of high energy flux leading to strong
surface modification is not clearly visible. He microplasma treated
electrodes show less grain growth and a lower degree of texture com-
pared to the Ar microplasma treated counterparts. With the energy
flux towards the He microplasma electrodes being equal or even higher
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compared to the Ar microplasma treated anode, larger surface changes
were expected. Not fulfilling this expectation can be explained and
resolved by the choice of plasma surface contact area for normalization
during the PTP evaluation. Most probably higher energy fluxes are
present while operating the microplasma in Ar due to a smaller plasma
surface contact area. Still, the He microplasma treated anode and
cathode receive nearly equally high energy fluxes and should have
identical plasma surface contact areas. Thus, the significant differences
in the surface morphology observed by the SEM cannot be explained
by a faulty area normalization. Ions and their recombination energies
are already discussed as explanation attempt. To gain more insight into
the power transfer to the electrodes and the role of ions in the surface
modification using an atmospheric pressure microplasma a simplified
energy balance at the cathode will be postulated.

3.3. Identification of the ion contribution

The described asymmetry (cf. Section 3.1) both in energy flux as
well as the degree of surface modification between the anode and
cathode can be assigned to ion effects as they are, contrary to, e.g., ra-
diation or metastables, influenced by the polarity of the electric field.
Assuming that the difference in the energy flux mainly represents
the ion contribution to the cathode, enables the calculation of the so
called ion contribution. Identifying the pathways of the power transfer
is more complex due to the short mean free paths of ions in the
atmospheric pressure regime of the microdischarges operation. Energy
gained in the electrical field by the ions will be transferred to non-
ionic species via collisions before the ions and the non-ionic species
dump the energy into the cathode at some point [22,29,30]. Further,
ions can be neutralized due to collisions with secondary electrons in
the plasma sheath and subsequently hit the cathode as fast neutrals. In
the case of fast neutrals only kinetic energy will be transferred and the
recombination energy is not solely gained by the cathode.

An energy balance of the cathode is postulated to check whether
ions, and how many, are actually reaching the cathode or get neu-
tralized in the sheaths. First, the power transferred by the ions P, is
defined by the difference of the energy flux to the cathode EF., and
to the anode EF,, multiplied by the thermal probe’s substrate area A

P,, = (EF¢, —EF,,) X A. (5)

The transferred power is divided by the flux of ions per second seem-
ingly reaching the probe (C,,,) to be able to set up an energy balance
for each ion taking its kinetic E,;, and recombination E,,, energy into
account, as well as energy losses at the cathode due to secondary
electron emission yg; Wy,

Pion =X
-~ = X Ekin + Erec - ySEWAu’ (6)
on

where the scaling factor X, the number of fast neutrals per impinging
ion, offers the opportunity for recombination and collisions within the
sheaths implying the kinetic energy of ions is transferred to non-ionic
species or their recombination energy is not transferred to the cathode.
Some of these terms can be directly derived from the experiments,
others have to be assumed:

* C;,,: The flux of ions per second can be derived from the measured
current I under the assumption of singly ionized species, as no
higher degrees of ionization were visible in the optical emission
spectra [15]. The measured current I has to be separated into
the ion current [;,, and the electron current I, I = I, + I,.

These currents are connected via the effective secondary electron

coefficients I,; = ygp1I,,, and, thus, the ion current can be calcu-

lated from the measured current and the previously determined
effective secondary electron coefficients I, = I/ (1 + ysg) with

Ysear ~ 111 and yp go ~ 1.33 [15].

Cion — Iion — ;’ (7)

e e (1 +7vs E)

where e denotes the elementary charge.
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* E;;,: Is estimated based on a numerically calculated collision-
based model similar as in [15]. The electric field E of the
capacitor-like discharge is given by the measured voltage V and
the electrode distance d, E = V /d, which accelerates the ions
with an acceleration a = (Ee) /m;,,, where m,,, denotes the re-

spective ion mass. Ion velocity and traveled distance are updated
in femtosecond time steps. If the traveled distance overcomes the
respective mean free paths the kinetic energy E,;, is reduced by
50% as a collision is assumed. Thus, the velocity drops and the
ion is accelerated again. Kinetic energy E,,,;, and ion velocity
reaching saturation after a few iterations and a traveled distance
below 1pm. The mean kinetic energy E,;;, of the saturation
regime is used for the energy balance. It should be noted, these
estimations for E;,, ,;, are maximum values.

E,,.: Recombination energies of Ar (15.76 eV) or He (24.6 eV) are

available in literature [13].

* Wy,: The work function of the gold film is assumed to be
Wy, = 5.38eV based on the mean value over the three crystal-
lographic planes given in [34]. The kinetic energy of electrons
leaving the surface is neglected here.

Rearranging Eq. (6) and substituting the addressed terms results in

(EFCat - EFAn) Ae (1 + VSE) - Erecl + ySEWAul
X = . (8)
EkinI

Based on the results for X and the measured or assumed quantities
additional parameters such as the total flux of particles impacting the
surface per second C,,,;, the ion and fast neutral momentum and the
resulting total force on the surface can be derived. The momentum p
is calculated from the respective kinetic energies of the ions or fast
neutrals Ey,, via p = /2 * E;,/m,,. Multiplication of the momentum p
with the flux of impacting particles per second C,,,,; results in the force
F to the surface. These parameters were derived as they might provide
insight on the importance of a kinetic component for the plasma surface
interaction at atmospheric pressure and will be shortly discussed in
Section 3.4.

The derived parameters and assumed inputs are listed in Table 3
and will be discussed together with the measured ion contribution of
the energy flux and its calculated contributions shown in Fig. 9. For the
calculation of the contributions the different energy terms on the left
of Eq. (6) are multiplied by C,,,. The given errors result from Gaussian
error propagation of the standard deviation from the performed mea-
surements. First off, a significantly larger ion contribution (40 + 10 mW
compared to 6 + 6 mW) is found for operating the microplasma in Ar.
This was already discussed in Section 3.1 and is most probably a result
of the He metastable formation [33]. For Ar as working gas the derived
parameters seem reasonable. An X value of 1304 + 703 indicates 1304
fast neutrals with kinetic energy gained by collisions with ions reach
the cathode per impinging ion. This value has to be seen as lower
limit, as more particles each with less kinetic energy could also reach
the cathode. Nevertheless, this does not change the overall transferred
kinetic energy and momentum. The power transfer via kinetic energy
Py, being the largest contribution despite the low kinetic energy of
the ions and fast neutrals due to the collisions results of the large
amount of impacting particles. Recombination of ions on the surface
also transfers power to the cathode. During the recombination process
a nearly three orders of magnitude larger amount of energy is locally
transferred to the surface. The more localized power transfer due to
recombination could result in uneven surface modification with local
hot spots as seen for the He cathode in Fig. 6. The secondary electron
emission was introduced as power loss term in Eq. (6) and should not
be underestimated despite the atmospheric pressure conditions and low
kinetic energies.

For He as working gas the oversimplifications of this approach
become visible. The negative X value of —187 + 123 results from the
necessity to emit power from the cathode as the incoming power of
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Table 3
Summary of measured or assumed parameters used for solving Eq. (6). The momentum
was deduced from the kinetic energy.

Ar He
Ej,/eV 0.024 0.056
E,./eV 15.76 24.6
W,,/eV 5.38 5.38
X 1304 + 703 -187 + 123
Cyon/1/s (6.0 + 0.5) x 1015 (5.6 + 0.2) x 105
Corat/1/5 (8 + 4) x 1018 (-1.1 + 0.7) x 108
p/Ns (2.3 + 0.1) x 10721 (1.1 + 0.1) x 1072
F/p N 178 + 98 -11 + 8
0.06 ‘ ‘ ‘ ‘
[JArgon
[ Helium
0.04 1 1
—
—
o 0.02r ]
=
(@]
D- ’%
0
q_[ EH
-0.02 L L L L
Pion Pkin Prec PW

Contribution

Fig. 9. The difference P, between power transferred to the cathode and the anode
assumed to be mainly caused by ions. As introduced in the main text the ion
contribution is separated into its components (P, = power transferred via kinetic
energy, P, = power transferred due to recombination, and P, = power lost due to
secondary electron emission), which are differently pronounced due to the working
gas. The shown error bars represent Gaussian error propagation of standard deviations
from multiple measurements.

ion recombination already surpasses the addition of the determined ion
power P,,, and the power losses due to secondary electron emission
Py,. Thus, the flux of incoming particles C,,, becomes negative as
well as the kinetic power contribution P,;,. These errors indicate false
assumptions or missing contributions in the power balance. A strong
assumption was the equal power distribution of all non-ionic species
and radiation to both electrodes, except of fast neutrals which got
accelerated by ion collisions. For He a more favorable formation and
carrying of metastables towards one of the electrodes could falsify this
assumption. The presented results hint to an asymmetric power transfer
via metastables favoring the anode but simulations on a similar setup
showed quite symmetric metastable densities with a slight shift towards
the cathode [33]. Asymmetric radiation distribution favoring the anode
could also explain the problem of the assumptions used here. Radiation
leaving the microplasma through the Kapton spacer was detected in
previous work and showed an asymmetry with more radiation being
generated on the cathode side [15]. But due to the geometry with large
electrodes compared to the interelectrode distance this asymmetry
probably only plays a minor role and would also favor the cathode and
not the anode. On the other hand, generated radiation, which leaves
the discharge through the Kapton spacer, is an unaccounted power loss
term. Thus, power of the discharge could be transformed into radiation
and not stored in particles which would most probably at some point
interact with the surface. Regions of high optical plasma emission
intensity would mark areas with larger power losses which would
actually result in an asymmetric power transfer favoring the anode.
Previous results showed a similar, even stronger, radiation mismatch
using Ar as working gas [15]. A stronger mismatch without visible
influence within the proposed power balance at the cathode indicates
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only a small effect of this possible asymmetric radiation power loss
term.

A more probable possibility for the failure of the here suggested
power balance of the cathode for He could be a missing power loss term
with a significant contribution to the power balance. In Section 3.2.3
the possibility of Au desorption spots as a result of the ion recom-
bination was discussed in context of the TEM micrographs. The ion
recombination leads to local heating of the thin film, which could result
in local atom evaporation and, therefore, surface desorption. If this
desorption occurs gold atoms would leave the surface each causing
an energy loss at the cathode of approx. 3.2eV/atom [36], at least if
no significant kinetic energy of the atoms is assumed. Including this
desorption term in the simplified power balance (Eq. (6)) is problematic
due to the necessity of a proportionality factor similar to X scaling
the desorbed atoms per ion. Thus, a modified version of the power
balance (Eq. (6)) would not have a distinct solution without even
further assumptions.

Despite the impossibility of solving a modified power balance, a
short plausibility check for the desorption power loss term is given
here by assuming two values for X. The chosen values are X = 1 and
X = 1304, which correspond to no fast neutrals reaching the cathode or
the same amount of fast neutrals as for the Ar microplasma are reaching
the cathode. These assumed values should result in a lower and an
upper limit for the power lost by surface desorption.

Eq. (6) is modified by the cohesive energy of Au E., and its
proportionality factor D, the number of desorped atoms per incoming
ion,

P,

ion

) =Xx Ekin + Erec - }'SEWAM -Dx Ecoh‘ ©)
on

First, X is set to 1 to emulate no fast neutrals reaching the cathode.
This approach should result in the lowest possible Au atom desorption
per incident ion. Solving Eq. (9) for D and applying the values given
in Table 3 in addition for X = 1 results in D = 3.3 + 2.1. Thus,
three gold atoms per incident ion are released from the surface due
to the transferred energy. Of course, these released atoms are not
allowed to adsorb again on the surface, as this process would contribute
to the energy balance. Au was detected on the edge of the Kapton
spacer, which shows the possibility of permanent leaving the cathode.
Within the current work it was not possible to determine mass transfer
pathways, although a partial thinning and removal of the cathode was
observed. Revealing where the Au material from the cathode actually
is deposited again has to be done in future work.

For the second case X is assumed to be 1304, the value calculated
for the Ar microplasma. Here, D results in 26 + 13. In this case each ion
would release 26 atoms from the surface, which seems too large, as 26
X 3.2eV equals 83.2€V and, thus, surpasses the recombination energy
of He by over three times. Still, due to the normalization to incident
ions and 1304 fast neutrals per ion transferring their kinetic energy to
the surface, the overall transferred energy would be sufficient.

The resulting power contributions for both cases are shown in
Fig. 10. As expected, the kinetic contribution completely differs based
on the assumed X value. Thus, also the necessary power loss due to des-
orption increases. Depending on the dominance of a single contribution
the treated surface could change. If the kinetic component dominates
the power should be evenly distributed across the surface, as a lot of
particles only transmit a small amount of power. If the recombination
component is the main power transfer, less incident particles transmit
a large amount of power, thus, local difference on the surface could be
visible. These local differences visible in the TEM micrographs (Fig. 6)
hint to a power transfer dominated by the recombination energy.

Applying the extended cathode power balance to the Ar data would
just increase the dominance of the kinetic contribution, as the power
losses due to desorption have to be compensated by the kinetic com-
ponent. Following the argument made before, the dominating kinetic
contribution should result in an evenly distributed effect of the Ar
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Fig. 10. The positive and negative power contributions to the total ion power P, for

He as working gas using the extended power balance shown in Eq. (9) taking desorption
from the surface into account. Two extreme cases of only ions and no fast neutrals
reaching the cathode (X = 1) and 1304 fast neutrals per ion reaching the surface as
determined for Ar as working gas (X = 1304). The shown error bars represent Gaussian
error propagation of standard deviations from multiple measurements.

microplasma surface treatment. Comparing the TEM pictures of the Ar
cathode (Fig. 6(c)) with the He cathode (Fig. 6(f)) a more uniform
grain structure is visible. Yet, in the case of the Ar cathode the surface
roughness increases the most (Fig. 5 (b)). The feature size is, however,
still larger than for the He anode with the grains forming almost a
continuous film. Thus, this morphology might origin from local melting
of the thin film caused by the overall higher energy influx [45]. With
the total difference in energy flux towards the cathodes only being less
than 25 % the composition of the energy flux towards the surface has
to play an important role for the resulting, modified surface, despite
the atmospheric pressure conditions and low kinetic energies.

3.4. Momentum transfer and temperature

For the assumptions made and based on the collision-dominated
numerical model the momentum of the ions can be calculated, as well
as the overall transferred momentum acting as a force on the cathode
(see Table 3). For He the force was calculated negative, due to the
negative X value as discussed before. Again, setting X = 1 results in F
=61 + 4nN which should represent the minimal force onto the surface.
As expected, the momentum of the incident ions or fast neutrals is quite
low due to the large number of collisions. Further, due to their mass,
Ar ions or fast neutrals gain a larger momentum despite having a lower
kinetic energy compared to He species.

In low pressure plasmas the momentum transfer plays a key role for
surface modifications as, e.g. sputtering, can alter the surface [46-54].
The resulting force to the cathode of the Ar microplasma is actually
in the same order of magnitude as ion beams used for ion beam
sputtering, but only due to the large amount of particles impinging
on the surface [55-58]. The momentum of a single impacting particle
should not be sufficient to create a collision cascade within the Au film,
thus, sputtering as a mechanism to change the surface is extremely
unlikely at these atmospheric pressure conditions.

In the He microplasma the calculated number of incident particles
and momentum per particle is lower compared to the Ar case. Here,
the resulting force in the nN-range should not have any significant
effects. Still, the number of incident particles and the calculated force
are a lower limit and, similar to the Ar conditions, with the current
state of work, surface modifications, at least favored by the momentum
exchange, cannot be fully excluded. In future work variation of the
working gas to change the particle mass and choosing comparable
experimental conditions in regards to the current density could help
to clarify this issue.
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Table 4

Temperature of the passive thermal probes (PTPs)
after 10s of heating (plasma on). The temperatures
over time curves already slowly reached saturation,
still these temperatures are not exactly comparable to
the Au film temperature after 20s of plasma treatment
and should only be seen as indicators for the order of
Au film temperatures. The given error values represent
the standard deviation from multiple measurements
and temperature fluctuations in the data acquisition.

Ar He
Anode 80 + 3°C 58 + 3°C
Cathode 100 + 3°C 61 + 3°C

Another import aspect for the growth or modification of thin films
is the surface temperature of the film, which is usually the second
axis in addition to the energy flux in structure zone diagrams (SZDs).
During these experiments Au films were not set to a fixed temperature
and, thus, only heated due to the plasma treatment, similar as the
PTPs during the energy flux measurements. A direct comparison of
the temperatures is not suitable due to the different heat capacities
of the PTPs and the Au coated TEM grids, the different treatment
times, and different thermal connections cooling the samples. Still,
the PTP temperatures after 10s of heating are given in Table 4. The
temperatures partly reflect the energy fluxes and their ordering (highest
temperature Ar cathode, lowest He anode) can be supposed also for the
Au thin film treatment.

A comparison between the plasma treated Au films and a purely
heated one was given in the TEM images (Fig. 6). As already mentioned
clear differences between the annealed sample (Fig. 6(d)) and the
cathodes of both plasma treated samples (Fig. 6 (c) and (f)) were vis-
ible. Additionally the increase on surface roughness observed by SEM
(Fig. 5) is not present in the case of annealing alone. These differences
were addressed to plasma generated species and their kinetic (momen-
tum) as well as recombination energy. The microplasma treated anodes
(Fig. 6(b) and (e)) show similarities with the heated sample where
from SEM investigation modification of the surface morphology can
also be seen for the Ar case. With the anode not being exposed to ion or
fast neutral bombardment heating seems to be the driving force behind
the grain growth and the increased crystallographic texturization. The
anode in Ar operation shows a larger effect and reaches a higher
temperature, despite receiving a lower energy flux (Fig. 2) if the energy
flux is normalized towards the full accessible area. This fact once again
shows the difficulty of the area normalization. Normalizing towards the
observed area results in the anode for Ar operation receiving a larger
energy flux than for the anode in He operation, which would fit the
observed surface changes.

The Ar microplasma treated anode showing a larger change in
surface topology/morphology than the anode in He plasma indicates
that the effect of He metastables on the surface might be small, which
is interesting as He metastables have a high excitation energy in the
range of 20eV and can reach the anode. The absence of a kinetic
component while metastables reach the surface could be a reason for
this rather unexpected observation and would showcase the impor-
tance of momentum transfer even at atmospheric pressure. Within
the current work, it is not possible to evaluate the isolated effect of
metastables as, e.g., the surface temperature can also influence the
surface changes. Still, the present results show that there is a possible
synergistic effect between transferred energy and momentum. To gain
a better understanding of the surface processes additional experiments
and simulations would be necessary, which are however beyond the
scope of the current work.

4. Summary and outlook
The modification of polycrystalline thin film Au electrodes caused

by the plasma surface interaction of an atmospheric pressure DC mi-
croplasma operated in Ar and He, respectively, was investigated in
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detail and correlated with the energy flux from the plasma to the thin
film. Observations on the structure of the thin films confirmed previ-
ous plasma diagnostics of the used DC microplasma highlighting the
connection between plasma diagnostics and surface modifications [15].
Clear correlations between the integral energy flux to the thin film and
the thin film modifications could be shown. As expected, the general
idea of higher energy fluxes resulting in more textured films with larger
crystal grains postulated by structure zone diagrams (SZDs) mainly used
for low pressure deposition processes also holds true for atmospheric
pressure thin film modification.

The ion component of the integral energy flux was identified as most
important by assuming that the difference in energy flux between anode
and cathode is mainly caused by the ions. Ar as working gas resulted
in a significantly higher ion contribution compared to He which was
explained by the input power being used for the production of He
metastables. The composition of the power transferred by ions to the
cathode significantly changes based on the working gas. For Ar the
main power transfer is given by the kinetic contribution of ions and
fast neutrals despite their individual low kinetic energy due to the
large number of collisions at atmospheric pressure. Thus, the power
is transferred in a lot of small doses, resulting in an more uniform
surface modification. For He the main power transfer was identified to
be the ion recombination at the surface. The simplified power balance
at the cathode had to be extended by a surface desorption term as
otherwise a negative kinetic contribution had to be accepted. Surface
desorption was already indicated by visible Au I lines in previously
taken optical emission spectra [15] and its effect is also visible in the
here discussed surface diagnostics and Au coatings on the edge of the
Kapton spacer. The observed desorption hot spots on the cathode in He
plasma operation fit the determined composition of the ion contribution
as the power is mainly transferred by ion recombination at the surface
and, thus, is transferred in fewer, high energetic doses resulting in a
less evenly distributed surface modification.

The surface modifications of the microplasma treated anodes show
similarities to the annealed sample, indicating heating of the surface
as the main cause of surface changes. The He microplasma treated
anode showing a less significant change compared to the annealed or
Ar microplasma treated anode indicates that He metastables only play
a minor role for the surface modification. The significant differences
between the anodes and cathodes showcase the importance of ions in
atmospheric pressure microplasmas for surface modifications. Further,
the significant differences despite nearly equal integral energy fluxes
and temperatures also hint towards the importance of a momentum
transfer, despite the low momentum of individual particles compared to
low pressure plasmas. The total force acting on the cathode during Ar
operation is actually comparable with forces generated by low pressure
ion beams, as the particle density is high enough to compensate the low
individual momentum.

Assigning a position in the typical landscape of structure zone dia-
grams to the treated thin film electrodes is difficult. The characteristics
observed here like increase of grain size combined with local formation
of pores (holes) cannot be matched to the typical zones presented in the
diagrams. Still, the general idea that temperature and energy flux need
to be considered separately applies, since the non-thermal character
of the process is obvious. Our findings reveal that it is necessary to
distinguish further and possibly expand the model of structure zone
diagrams by creating separate SZDs in the case of different dominant
pathways of energy transfer such as ions, metastables, fast neutrals and
recombination events.

The observed surface modifications will be used as benchmarks
for the intended in situ experiments planned for the near future. The
integration of the microplasma into the TEM will enable time-resolved
measurements as well as direct spot-wise comparison of the changing
thin films. The upcoming in situ microplasma cell in combination with
additional working gases and film materials will help to gain further
insight into the plasma surface interaction.
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Motivation:

The development of the microplasma cell enables in situ observations of plasma in-
duced morphology changes. Thus, a combination of the cell with interesting and over
time in morphology changing materials is necessary to use the full potential of the
cell. Tetrapod-shaped Zinc Oxide (t-ZnO) combines the advantages and application
possibilities of ZnO with a large surface to volume ratio based on the interconnected
tetrapods. Increasing this surface to volume ratio even more by plasma etching could
benefit a wide range of applications such as gas sensing and reveal an interesting mor-
phology change suited for in situ observations.

Main Results:

A successful etching process utilizing a low-pressure capacitively coupled, asymmet-
ric rf discharge operated with an Hy-CoHy (mostly 99 %-1 %) gas mixture could be
established. The plasma etching resulted in a strong texturing of the ZnO tetrapods
which formed a nanobrush structure. The etching process turned out to be self-pat-
terning and preferential in the direction of the incident ions. Sidewall passivation by
a-C:H deposition enables nanobrush wire lengths of up to 900 nm which result in an
improved surface to volume ratio by a factor of 12.9 compared to the pristine t-ZnO.
The increased surface to volume ratio and the small diameters (=50 nm) of the etched
nanowires result in a highly sensitive, selective and fast hydrogen sensor. More appli-
cations of the etched nanobrushes could include catalysis or production of enhanced
highly porous aeromaterials which benefit from the largely increased surface to vol-
ume ratio.
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ABSTRACT: Zinc oxide has widespread use in diverse applications [ EE T
due to its distinct properties. Many of these applications benefit from F
controlling the morphology on the nanoscale, where for example gas
sensing is strongly enhanced for high surface-to-volume ratios. In this
work the formation of novel ZnO nanobrushes by plasma etching
treatment as a new approach is presented. The morphology and
structure of the ZnO nanobrushes are studied in detail by transmission
and scanning electron microscopy. It is revealed that ZnO nanobrush
structures are fabricated by self-patterned preferential etching of ZnO
microtetrapods in a hydrogen—acetylene plasma. The etching process
was found to be most effective at 1% C,H, admixture. Nanowire arrays
are formed enabled by sidewall passivation due to a-C:H deposition.
The nanobrush structures are further stabilized by simultaneous
deposition of a SiO,, layer from the opposite direction. Highly sensitive (gas response S = 148), selective, and fast (response time
1S s, recovery time 6 s) hydrogen sensors are fabricated from single nanobrushes. Single nanobrush sensors show enhanced sensing
performance in increased gas response S of at least 10 times and improved response as well as recovery times when compared to
nonporous single ZnO nanorod sensors due to the small diameters (%50 nm) of the formed nanowires as well as the strongly
enhanced surface-to-volume ratio of the nanobrushes by a factor of more than 10.

KEYWORDS: nanobrush, ZnO, plasma, etching, nano-on-micro, electron microscopy, gas sensing, nanowires

1. INTRODUCTION needed to tailor the properties of zinc oxide to its diverse
applications.
Plasma treatment of zinc oxide crystals shows great promise

Zinc oxide has been a material of enormous research as well as
application interest in recent decades.” Its intrinsic properties

such as a high band gap semiconductor, chemically stable, to allow for modification of morphology as well as structural
biocompatible, and piezo-/pyroelectric material give ZnO a and surface properties. Plasma surface treatment of ZnO has
wide range of applications. Consequently, ZnO is used to a been reported to improve optical properties,”” alter electrical
great extent in gas sensing, catalysis, optoeletronics, transistors, behavior,16 and enhance sensing properties.17 Additionally,
energy generation (e.g, solar cells), and many more reactive ion or dry etching plasma processes of ZnO have been
applications.”™* To further tailor its properties to these used in the fabrication of devices'® ™" as well as modification
applications, adjustment of the morphology and surface of surface morphology.”"**

structure is frequently required. Dry etching of zinc oxide has been performed by using

Distinct ZnO morphologies such as wires or rods,’
particles,” and other morphologies’ can by synthesized.
Recently, tetrapod-shaped ZnO crystals have become the
focus of research,’ where individual tetrapods as well as
networks of interconnected tetrapods are being investigated.
The control of crystal morphology to achieve large surface
areas is especially important in sensing,” energy generation,'’ Received:  September 27, 2021
and catalytic applications.'' Alongside structure and morphol- Accepted:  December 1, 2021
ogy control, dopin; 12 thermal annealing,B and chemical Published: December 15, 2021
surface modification'* are employed among other techniques
to achieve beneficial material properties. Thus, control over
both morphology and chemical and structural properties is

different gases as reactive species: chlorine-,** bromine-,>* and
flourine-based plasma chemical agents.”® However, combina-
tion of hydrogen and a hydrocarbon compound is most widely
used in plasma-based reactive ion etching of zinc oxide.

EEIAPPLIED warcaisss

© 2021 American Chemical Society https://doi.org/10.1021/acsami.1c18679
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Especially H,—CH, or H,—CH,—Ar plasmas are commonly
employed.”"*%*’

(Deep) reactive ion etching (DRIE) or dry etching is well
established to create micro- or nano-structured zinc oxide.
However, conventional patterning of thin films is limited to
creating nonhierarchical, effectively two-dimensional structures
while also requiring multistep processes and cleanroom
conditions. Consequently, additional techniques for creating
structures are being explored today. In particular, the
formation of hierarchical or nano-on-micro structures, e.g.,
via etching® or growth processes,” is of great interest.
Cactus-*’ or tree-like’’ morphologies on the nanoscale have
been fabricated. Such nano-on-micro structures possess large
surface areas and are thus well suited for applications such as
gas sensing. ZnO as a material itself is widely used for highly
selective and effective sensing of hydrogen.”>**

We report on a novel approach for the fabrication of ZnO
nanobrushes and their application as a highly selective,
sensitive, and fast H, sensor. Nanobrushes are created via
surface modification of single-crystalline zinc oxide tetrapods™*
by dry etching using a H,—C,H, plasma. The presented
plasma etching procedure allows for the single-step creation of
highly porous (porosity >50%) ZnO nano-on-micro structures.
By fabricating a gas sensor using a single ZnO nanobrush, a
strongly enhanced gas response to hydrogen by more than a
factor of 10 is achieved when compared to pristine ZnO
microrods/nanorods. Consequently, the authors present a
technique allowing for efficient morphology modification of
ZnO microcrystals.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Powders of zinc oxide tetrapods
(shown in Figure 2a) synthesized as described elsewhere®** have
been used as source material for the fabrication of porous nanobrush
structures. For plasma treatment the tetrapods are prepared onto
silicon (100) wafers as the substrate. To break up mechanical
interlocking and, thus, isolate single tetrapods along individual arms,
ZnO powder is gently ground in a mortar before application via
suspension in butanol.

2.2. C,H, Plasma Etching of ZnO Micro-Tetrapods. Most
commonly, hydrogen plasmas with a methane (CH,) admixture of a
few up to around 10% are used'***** for plasma-induced etching of
ZnO. The proposed mechanism allowing for the removal of ZnO
material is breaking up of Zn—O bonds via ion bombardment
alongside reduction by H" ions and subsequent formation of a volatile
Zn metal—oréganic compound of high vapor pressure at room
temperature.”>***” Dissociation of CH, in the plasma environment
leads to the formation of CH radicals and other hydrocarbon species
which can react with the bare zinc atoms. Compounds such as
Zn(CHj,), have a particularly high vapor pressure. Thus, they are
believed to have major contribution to higher etch rates observed
when comparing CH,-based plasmas to flourine- or chlorine-based
plasmas.”®

In this work an H,—C,H, (hydrogen—acetylene) plasma is used in
contrast to previous studies, where H,—CH, or H,—CH,—Ar plasmas
were utilized. C,H, mainly forms various hydrocarbon species with
even numbers of C atoms in rf plasmas.®® However, surface
interactions lead to the presence of species such as CHj; allowing
formation of the Zn metal—organic compound®®** and, thus, enabling
effective etching of zinc oxide using acetylene.

Dry etching has been performed in a capacitively coupled,
asymmetric rf discharge that is sketched in Figure 1 and described
in more detail elsewhere.** Samples are mounted directly atop the rf
electrode as well as placed in the bulk plasma. The working gas
pressure in the chamber was measured during processing by a MKS
Instruments dual pressure gauge and a MKS Instruments baratron. A

H, CoH;

l

Exhaust  ©rf
Figure 1. Sketch of the plasma chamber used for etching of ZnO
tetrapods showing the electrical wiring as well as the gas inlets and
outlets. A photo during treatment showing the plasma glow is given as
an inlay.

MKS Instruments flow controller regulated the gas influx and the
vacuum was created by using an Edwards nXDSi scroll pump and a
Varian turbo molecular pump. The plasma is generated by an
Advanced Energy Cesar power generator and a matchbox with up to
100 W power at 13.56 MHz. The pressure, gas flow, and forwarded
and reflected power as well as the dc bias voltage were logged during
the plasma treatment as process control. The power was set to SO W
for all experiments, which resulted in a dc bias voltage of —370 V.

The ratio of H, to C,H, was varied by keeping the total flow
constant and adjusting C,H, content in the range of 1%—10%. A total
flow of 14 sccm results in a working pressure of 30 Pa. During the
plasma treatment the total flow was reduced stepwise to 10 sccm to
keep the pressure constant at 30 Pa. The pressure rises during the
plasma treatment as the H, ions are heated by the applied external
electrical field, and thus the gas temperature rises, resulting in a
pressure increase.

The etching times were varied from 1 to 120 min and best etching
results were obtained by using a 1% C,H, content. Thus, all shown
samples in the current work were treated with a 1% C,H, admixture
to the H, plasma. After the plasma etching the samples were treated
with an O, plasma for 5 min at a pressure of roughly 18 Pa and 50 W
power. The dc bias was —500 V during O, plasma treatment. The O,
follow-up treatment was performed to remove excess a-C:H from the
ZnO tetrapods.

Samples are both placed directly onto the powered electrode as
well as in the bulk plasma via a floating sample holder. If the sample
material is placed on the rf electrode, it becomes located within the
plasma sheath. Thus, it is subject to bombardment by high-energy
ions. This configuration is most alike to the reactive ion etching (RIE)
setups most commonly used for ZnO etching in hydrogen—
hydrocarbon plasmas.®***”

2.3. Analysis. Samples were analyzed via scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
with a Zeiss Supra 55 V and a FEI Tecnai F30 G* STwin, respectively.
For TEM analysis sample material was transferred from the Si wafer
onto lacey carbon Cu TEM grids mechanically by gentle dipping.
Elemental analysis is performed by energy-dispersive X-ray spectros-
copy (EDX). An EDAX Si/Li EDX detector mounted to the FEI
Tecnai F30 is used to acquire elemental distribution maps and line
scans in scanning TEM (STEM) mode.

2.4. Preparation of Sensor Devices. Sensor device structures
were made from a single ZnO nanobrush following the procedure
developed by Lupan et al.*' Because maskless sputtering of electrical
contacts cannot be achieved by the conventional chemical vapor
deposition (CVD) approach, focused ion beam (FIB)-SEM metal
deposition was used to contact the sensor. Two electrical contacts
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Figure 2. SEM images of plasma-etched as well as pristine ZnO microstructures. (a, b) Micrographs of multiple interconnected ZnO tetrapods in
pristine or etched condition, respectively, in top view (0°). Tetrapods shown in (b) have been etched for 60 min. (c) Multiple tetrapods in side
view (90°) after etching for 80 min. (d) Close-up of a single tetrapod arm in pristine condition. (e) Tip of a tetrapod arm after plasma etching for
45 min viewed similarly to (d). (f) Tetrapod arm etched for 60 min viewed at 70°. (g—i) Tilt series of a ZnO tetrapod arm etched for S0 min from
top to side view imaged at 0°, 45°, and 90°, respectively. Plasma parameters were adjusted to SO W, 30 Pa, and 1% C,H, for all shown samples.

were deposited on a single ZnO nanobrush on the sensor chip (quartz
with Cr/Au contact electrodes).

The gas sensing test characteristics were studied by placing the
sensor structure connected to an external electrode in the test setup
consisting of a closed quartz chamber connected to a gas flow system
as reported earlier.*”

Experimental data acquisition is performed and controlled via a
LabView interface.*

3. RESULTS AND DISCUSSION

3.1. Micro- and Nanostructure of Plasma-Etched ZnO
Tetrapods. The morphology of the plasma-etched tetrapods
is investigated by SEM. For the SEM investigation the samples
are imaged on the same substrate as for plasma treatment and,
thus, have unchanged positions and orientations. Figure 2
shows untreated as well as plasma-etched ZnO tetrapods and
single tetrapod arms. Because of the method of sample
preparation, the surface of Si wafer substrates is partially
covered by multiple layers of mechanically interlocked
tetrapods (see Figure 2a). The resulting packing density is
low so that an unobstructed view onto single tetrapod arms,
also termed microrods or, depending in size, nanorods, is
possible. Treatment in H,—C,H, plasma results in a strong
texturing of the ZnO tetrapods (Figure 2b,c,e—i). Single
tetrapod arms exhibit a brush-like morphology on the

nanoscale after treatment. Thus, we report on the fabrication
of single ZnO nanobrushes as well as nanobrush networks.

Pristine tetrapods have a smooth surface where arms exhibit
hexagonal cross sections, as seen in Figure 2d. After prolonged
plasma exposure, however, the morphology of the tetrapod
arms is strongly changed. The effect of the treatment further
revealed by tilting the stage during SEM investigation (see
Figure 2g—i). Tilting shows that an array of wires and trenches
is formed covering the plasma facing sides of the ZnO
tetrapods. Figure 2e shows that the morphology of the
envelope with a hexagonal cross section of the tetrapod arms is
preserved on the micro scale.

For a closer look, the specimen depicted in Figure 3 was
tilted over a wide range of —70° to 70° relative tilt in the TEM
to observe the nanowire arrays in side view. Consequently, the
brush-like structure becomes apparent: the etched trenches
penetrate almost through the whole tetrapod arm, making it
highly porous. The varying height of the arm reveals areas
where they seem to have a base of untreated ZnO, as indicated
by mass thickness contrast shown in Figure 3a. The tip, on the
other hand, appears to consist entirely of ZnO nanowires.

Both selected area electron diffraction (SAED) and high-
resolution TEM (HRTEM) confirm that pristine ZnO
tetrapod microstructures have a wurtzite-type crystal structure
with arms growing along the [001] direction®” (Figure 3b,c).
The crystallinity and crystallographic orientation of the ZnO
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Figure 3. Crystal structure of a ZnO needle etched for 80 min at
S0 W, 30 Pa, and 1% C,H, investigated by TEM. (a) TEM bright-
field micrograph of a single tetrapod arm. The stage is tilted to a side
view of the specimen showing the complete depth of the etched brush
structure. (b) SAED pattern with the aperture positioned at the area
marked in (a) showing alignment in zone axis [110]. (¢) HRTEM
micrograph of a single ZnO nanowire with FFT (inset).

nanowires are investigated likewise. The SAED pattern shown
in Figure 3b indicates that the nanowires retain the original
crystallographic phase and orientation of the pristine ZnO
tetrapods. In consequence, the etched structure as a whole still
appears as a single crystal in SAED. HRTEM of a single
nanowire given in Figure 3c confirms the retention of the
crystallographic orientation. Fast Fourier transformation
(FFT) shows that the crystallographic orientation is along
the zone axis (ZA) [110] of wurtzite-type ZnO for both the
tetrapod arm and single nanowires. The retained crystallo-
graphic orientation of the nanowires together with the physical
orientation of the wires observed in Figures 2 and 3 indicates
that the nanowires created by the plasma etching process are
generally not oriented along the c-axis in contrast to ZnO
nanowires created by using growth processes.

Further investigation of the etched crystals is performed via
high angle annular dark field scanning TEM (HAADF-STEM).
The combination of HAADF-STEM with energy dispersive X-
ray spectroscopy (EDX) is used to map the elemental
distribution within an etched tetrapod arm. Figure 4a shows
a HAADF-STEM micrograph for the same tetrapod arm given
in Figure 3a with the positions of EDX line scan and map
marked.

The nanobrush structure is replicated in the Zn—K map
(Figure 4b) with the nanowires being clearly visible.
Additionally, it becomes apparent that there is a base of
nonporous, pristine ZnO which is in agreement with the
results from TEM bright-field investigation. Both observations
confirm that the nanowires are single crystalline ZnO. It is thus
shown that nanowire formation is via a top-down etching
process of pristine tetrapod arms where the original
crystallinity is preserved.

000 025 050 075 100 125 150 175 2.00
d/pm

Figure 4. (a) HAADF-STEM micrograph of a single tetrapod arm
etched for 80 min at 50 W, 30 Pa, and 1% C,H,. The locations of
EDX line scan and map are marked. (b) STEM-EDX elemental
distribution maps for selected emission lines. (c) Quantified EDX line
scan across the tetrapod arm. The error of EDX quantification is +2
atom %.

Despite oxygen plasma follow-up treatment, there still is a
homogeneously distributed C—K signal visible in the EDX
elemental map given in Figure 4b, indicating the formation of
an a-C:H film (section 2.2) simultaneous to etching during
plasma treatment. The area of enhanced C-K emission is an
artifact from sample preparation: the ZnO tetrapods are placed
upon a spiderweb-like carbon mesh for TEM investigation
causing the “Y” shape in the C—K map in Figure 4b (see
arrow).

Interestingly, not only zinc, oxygen, and carbon are found
but also a significant amount of silicon. From Figure 4b, it can
be seen that there is an area of increased Si content toward the
base of the tetrapod arm. This finding is further showcased
when looking at the EDX line scan in Figure 4b, where the
horizontal axis indicates the distance from the bottom to the
top of the tetrapod arm. There is a clear peak in the Si content
before there is a Zn signal when scanning across the tetrapod
arm oriented in side view. Obviously, the arm has an additional
layer at the bottom, which was facing away from incoming ions
during plasma treatment. The coinciding peak of carbon
content makes it likely that this layer is based on a mixture of
amorphous hydrocarbons and silicon. The distribution of
oxygen appears more homogeneously spread compared to the
Zn—K signal. Together with the correlated occurrence of
oxygen and C/Si content in Figure 4c, these homogeneous
distributions indicate that the secondary components are
oxidized. Because of the fact that most oxidized carbon species
are volatile the majority of the oxygen is assumed to be bound
to silicon. Therefore, a Si/SiO, layer is supposed.

In addition, the hypothesis of a pristine, nonporous ZnO
base is also supported by an EDX line scan. There is an area of
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Figure S. (a) HAADF-STEM micrographs of a tetrapod arm etched for 80 min at S50 W, 30 Pa, and 1% C,H,. Different relative tilt angles are given.
The angles represent top, intermediate, and side view of a tetrapod arm. (b) Sketch of untreated and plasma-etched tetrapod arm in cross-sectional
view. Relevant geometrical quantities and directions are defined. (c) SEM micrograph of ZnO tetrapods etched under identical parameters as in
(a), showing etching of the top of the nanowires by comparison to the pristine portion of the same tetrapod arm due to shadowing.

high Zn content where Zn to O ratio approaches 1:1. Toward
the top, where the morphology is given by an array of ZnO
nanowires, the Zn content decreases while the C and O
contents increase. This trend in the EDX line scan is in
agreement with a-C:H being present at the surface of the
nanowires (see HRTEM micrograph in Figure 3c). The
strongly increased surface area then gives rise to the overall
higher content of carbon and oxygen compared to zinc seen in
the EDX data.

A more detailed look at the layer deposited at the treated
tetrapod arm reveals that it is not uniform but rather textured.
In Figures 2e,i, 3a, and 4a bubble-like features can be seen.
From the EDX line scan across such a bubble-like feature
(Figure 4c), it can be observed that these features can be
mainly assigned to a-C:H deposition. The Si/SiO, layers, on
the other hand, are more homogeneous, as can be seen from
Figure 4a,b. Additionally, the bubble-like features are not
found for all treated samples, whereas Si/SiO, was always
observed.

To investigate the origin of Si/SiO, the Si wafer substrate
itself can be investigated. The surface of the Si wafers is initially
flat. However, after prolonged plasma exposure it becomes
textured (see Figure S1b). Surface texturing strongly indicates

plasma etching and possibly also sputtering of the silicon wafer,
which has been reported previously for H, plasmas under
similar experimental conditions"”** where similar surface
morphologies after silicon etching have been observed.
Therefore, it is concluded that Si atoms are provided by
etching, thus enabling formation of the Si layer. Oxidation is
assumed to occur during follow-up oxygen treatment after the
etching process. As shown in Figure 4, a 50 nm thick layer
formed during 80 min treatment time, resulting in a deposition
rate of <1 nm/min.

To reveal the 3D morphology of plasma-etched ZnO
tetrapod arms a tilt series from —70 to 70 °C absolute tilt
angle is acquired in HAADF-STEM mode. Figure Sa shows
HAADF-STEM micrographs at 0°, 45°, and 90° relative tilt,
where 0° is defined as top view and 90° as side view. The full
tilt series compiled as a video can be found in the Supporting
Information.

The tetrapod arm investigated was subject to C,H, plasma
etching for 80 min and, thus, shows similar features discussed
for the specimen shown in Figures 3 and 4. The HAADF-
STEM Z-contrast shows again an array of ZnO nanowires on
top of a rigid ZnO basis. The bottom of the arm is coated by a
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Table 1. Comparison of Surface Area A, Volume V, and Surface-to-Volume Ratio A/V between Pristine and Plasma-Etched
t-ZnO Tetrapod Arms of 1 ym Length and Width with Nanowire Diameters of 50 + 5 nm; Ratio of A, V, and A/V between
Pristine and Two Exemplary Nanowire (NW) Lengths; and Porosity Calculated as a Fraction of Void to Enclosing Volume”

condition 14 (/‘ms) A (."‘mz) Apn‘stine/ Actched Vpﬂstine/ Vetched AV (/‘mil) (a/ V)pn‘stine/ (A/V)exchea porosity (%)
pristine 0.65 3.65 5.62 0
etched, 500 nm NW length 0.46 12.05 3.30 0.71 26.30 4.66 29
etched, 900 nm NW length 0.30 21.70 5.95 0.46 72.33 12.87 54

“The uncertainty of the given values is determined by the spread in nanowire diameters to be ca. 10%.

Si/SiO, as well as an a-C:H layer. A cross-sectional sketch of
the resulting structure is given in Figure Sb.

The depth of the trenches or length of the nanowires
accordingly reaches more than 800 nm for etching times of 80
min, as can be seen from the side view in Figures 3a and 4a.
The thickness of ZnO nanowires is found to be roughly 50 + 5
nm independent of treatment duration. Consistent nanowire
thicknesses are found from the top (Figure 2e) as well as side
view (Figure 3a). The combination of wire lengths of 800 nm
and thicknesses of S0 nm results in an aspect ratio of ~16.

To estimate the increased surface area due to etching the
resulting nanowires can be assumed to have a cylindrical shape.
From the plane view (e.g., Figure 2g) the area covered by the
wires in relation to the area of the etched trenches can then be
estimated. The ratio of trench to wire area works out to be
roughly 0.4. The volume of a ZnO nanobrush is then derived
by combining this ratio of wires to trenches assuming of evenly
spaced nanowires with a mean thickness of 50 nm and a known
etch depth. Combining this with the cross-sectional geometry
shown in Figure Sb both the surface area and the volume can
be calculated. Table 1 shows a comparison of surface area as
well as surface-to-volume ratio between pristine and etched
cases with different nanowire lengths for a tetrapod arm of
1 pm diameter and 1 pm length. It can be seen that both
surface area and especially surface to volume ratios can be
strongly enhanced by plasma etching.

The porosities of single nanobrushes are estimated by using
a similar approach, where the porosity is given by the fraction
of the volume of the voids to the total volume enclosed by the
arm. For the case of fully etched nanobrushes porosities exceed
50% (Table 1) for a single nanobrush. Furthermore, three-
dimensional networks consisting of treated tetrapods would
achieve even higher porosities due to the combination of
micro- and nanoscale porosities. Single nanobrushes as well as
networks of nanobrushes thus show high porosities alongside
an enhanced surface area with a roughly 3—5-fold increase as
well as strong increase in the surface-to-volume ratios of more
than 10 times when compared to pristine ZnO tetrapods (see
Table 1).

Hence, the presented plasma etching treatment offers a
unique combination of highly directional etching and
deposition processes. By use of C,H, as an etchant, the
enhanced a-C:H deposition compared to the usage of CH,
enables the formation of high aspect ratio ZnO nanowires.
Amorphous hydrocarbons form a protective coating at the
sidewalls of the nanowires during etching and thus protecting
the sidewalls from further etching. The carbon signal found in
EDX investigations (Figure 4) as well as amorphous areas
found by HRTEM investigations (Figure 3) strongly support
the assumption of sidewall protection. Such a protection of the
sidewalls by film deposition has been reported previously for
plasma etching of silicon®® and polymers™® enabling etching of

structures aspect ratio by carefully controlling plasma
parameters.

The deposited Si layer, on the other hand, prevents the
tetrapod arms from being fully etched trough when using long
treatment times. In this way arrays of ZnO nanowires not
connected by a base of ZnO can be fabricated. Such a structure
possesses mechanical stability while being flexible, as shown for
mechanical deformation in Figure S2d.

3.2. Plasma Etching Characteristics. In the previous
section it was shown that zinc oxide tetrapods as well as single
tetrapod arms can be efficiently etched in a H,—C,H, plasma.
The formation of nanostructures observed here is in contrast
to previous studies on hydrogen—hydrocarbon plasma etching
of ZnO, where the resulting surface morphologies showed only
minor roughness” or features of much larger lateral size.”’

However, in contrast to previous studies on dry etching of
polycrystalline ZnO thin films, we investigate plasma etching of
single crystalline ZnO microstructures. Because of the
preparation process the ZnO tetrapods are oriented randomly
with respect to the surface normal atop the wafer. This means
that the crystallographic surfaces of the tetrapods and their
arms are also randomly oriented. Etch rates of single crystalline
zinc oxide can depend on crystallographic orientation,*” so
nonhomogeneous etching is expected.

Tilting the SEM stage reveals, however, that the ZnO
nanowires formed after the etching process are uniformly
oriented across the whole sample (see Figure 2c, Figure Sc,
and Figure S2c). Consequently, the orientation of the
nanowires is independent of the spatial orientation of the
tetrapods and, thus, also of their crystallographic orientation.
The uniform orientation of the ZnO nanowires can also be
seen from SEM top view images (Figure 2b,g) where only the
tips of the wires are visible.

To understand the origin of the uniform nanowire
orientation, the conditions during plasma etching need to be
taken into account. All etched samples were positioned atop
the rf-powered electrode during treatment and, consequently,
located in the plasma sheath accordingly. Thus, they are
subject to bombardment by directional, high-energy ions.">*’
The relation between nanowire orientation and ion influx is
sketched in Figure Sb which shows that ion bombardment and
SEM top view direction are parallel. From this relation it
becomes apparent that the nanowire orientation is parallel to
the ion influx.

The dependence of the nanowire orientation on the
direction of the ion flux strongly suggests an important role
of the ions in the etching mechanism. Etch rates in H,—CH,
plasmas are strongly dependent on ion energies,’®’ and
further enhancement of the etching process due to H*
irradiation of ZnO has been proposed.”’ In the plasma sheath
ions are continuously accelerated toward the electrode; thus,
for samples positioned directly on the electrode maximum ion
energy is expected. Accordingly, the highest etch rates are
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expected for positioning directly on the electrode as well. On
the other hand, no etching was observed for samples located in
the bulk plasma, where no high-energy ions are present. The
absence of etching in the plasma bulk strongly suggests that
there is a minimal ion energy necessary for an efficient etching
process. Together the findings confirm the importance of high-
energy ions for the plasma etching process of ZnO in
H,—C,H, plasmas similar to H,—CH, plasma chemistries.

It was found that the width of tetrapod arms is unaffected by
the etching process. The width is assumed to be unchanged
due to the formation of a Si/SiO, layer at the bottom of the
tetrapod arm. This layer is unaffected by the etching process
and, thus, preserves the original contour (see sketch in Figure
Sb). The effect of the Si/SiO, layer on the width of the
tetrapod arms can be seen in Figure 2ef where the outer
contour of the bottom part is preserved. Especially Figure 2f
demonstrates this phenomenon where the thin, semitranspar-
ent film is visible in the SEM micrograph. The full 3D structure
of the etched tetrapods can be observed by looking at a tilt
series of HAADF-STEM micrographs (see the video in the
Supporting Information as well as Figure Sa). A sketch of the
resulting cross-sectional morphology is given in Figure Sb.

The knowledge of the morphology can be used to determine
the etch rates for both the trenches and the tips of the
nanowires, which themselves are also subject to etching
(Figure Sc) by systematic investigations using TEM. To
determine both etch rates, the initial height, the trench depth,
and the total height (for definition see Figure Sb) after plasma
treatment need to be measured. Thereby, the original height
needs to be inferred from the measured width in combination
with the hexagonal geometry of the tetrapod arms. The
relation of width and height depends on the orientation of the
cross section with respect to the incoming ions, which can be
determined from SAED. A zone axis of [110] coincides with
viewing the direction onto one of the six faces, whereas a ZA of
[210] means viewing the tetrapod arm edge-on. By combining
these considerations and systematically tilting in the TEM,
etch rates for trenches and top parts can be determined just
from a single data set.

By analysis of samples with the given method, constant etch
rates are found for treatment times of 30—80 min. The mean
etch rates are determined to 8.00 + 0.75 nm/min top and 19.0
+ 1.5 nm/min for the trenches. This results in a growth rate of
~11 nm/min for the nanowires as well as a ratio of 2.4 for
preferential etching.

Similarly to the sidewall protection effect, the lower etch
rates of the tops of the nanowires might also be induced by a-
C:H film deposition. In contrast to the sidewalls, however, the
a-C:H film at the top is constantly removed by bombardment
of the high-energy ions present in the plasma sheath which
leads to etching not being completely disabled. Although this
consideration is also valid for the trenches, it can be assumed
that the deposition of a-C:H is less efficient in the trenches,
thus leading to the difference between trench and top etch
rates. Definite conclusions about the detailed nature of the
etching process are, however, only possible by investigations of
the kinetics during plasma operation.

Common plasma etching of ZnO thin films has been
performed by using specialized reactive ion etching devices
where high plasma densities are created by using an inductively
coupled plasma (ICP) and high-energy ions are accelerated
toward the specimen by using a bias voltage.”****" The use of
high plasma densities and ion energies results in large etch

rates of about 100 nm/min, which is much higher than etch
rates determined in this work. On the other hand, the etch
rates are in good agreement compared to experiments
performed by using a capacitively coupled plasma reactor
under plasma parameters closer to this study.”’ Additionally
most previous observations of plasma etching of ZnO have
been performed by using polycrystalline, two-dimensional thin
films in contrast to the single crystalline tetrapod networks
investigated in this work.

The etch rates of ZnO tetrapods observed in this work
indicate a very efficient etching process using acetylene and
hydrogen when taking into account the significantly higher
discharge powers used in most studies on reactive ion etching
of ZnO both for ICP and CCP setups. Guo et al. studied the
influence of different powers, pressures, and methane
admixtures on the resulting etch rates.”” The authors found
the etch process to be most efficient very close to the
experimental parameters used in this study at a pressure of
25 Pa and 4.4% CH,. Additionally, a linear increase of etch
rates with rf power was found. Extrapolating the linear relation
to 50 W rf power leads to roughly 20 nm/min, which is very
close to the rate for preferential etching of 19 nm/min found in
this study. However, we found the etching process to be most
effective at 1% C,H, content in contrast to 4.4% for the case of
methane. When going to higher C,H, content, a-C:H film
formation quickly becomes dominant over etching. At 5%
C,H, content continuous films and no etching is observed.
Instead, formation of continuous a-C:H films around ZnO
tetrapods (Figure S2) is found.

The differences observed between etching of ZnO using
CH, or C,H, strongly indicate that different optimal process
parameters exist when using different hydrocarbon precursors.
For the case of C,Hy even higher etch rates were reported at
identical parameters when comparing to CH,.>> Using C,H,
instead of CH, should result in lower etch rates due to fewer
CH,, species forming, as explained in section 2.2. However, we
observe comparable or even higher etch rates using C,H, in
contrast.

Surface interactions are a main factor introducing species
like CH; in a C,H, plasma.*® Thus, a feedback mechanism
from a-C:H material deposited on the Si wafer substrate and
the electrode is assumed to effectively provide the species
needed for efficient etching. In the experiment it was found
that after thorough cleaning of the plasma chamber the etching
process reached a stable output only after few treatment cycles,
where an a-C:H layer formed atop the electrode accordingly.
Similar findings of feedback from previous treatment cycles
due to film deposition have also been reported for nanoparticle
generation.53

No additional treatment of the ZnO tetrapods to facilitate
their nanostructuring has been performed previously to plasma
etching. Thus, the formation of nanowire arrays by patterned
preferential etching must be the result of the plasma etching
process and pristine ZnO crystal properties only. By looking at
SEM micrographs of tetrapods with short treatment times (see
Figure S1), one can see that a structuring of the tetrapod
surface sets in gradually. It is thus expected that the process is
self-reinforcing where initial surface features and/or crystallo-
graphic defects such as oxygen vacancies are being enhanced
by preferential etching. The fact that similar self-patterning
behavior of single crystalline, wurtzite type ZnO microrods was
found for a different etching mechanism™ further points to the
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ZnO crystals themselves as the source for the observed
patterning.

Formation of nano-on-micro nanowire arrays via a self-
patterning process enhanced by sidewall protection has
previously not been reported for plasma etching of ZnO.
Previously fabrication of ZnO nanostructures using EIg)lasma
etching has been performed by using lithography'®*® or
particles as masks.'” Additionally, wet chemical etching of ZnO
using different techniques, for example, via oleic acid or acetic
acid can increase the surface area of ZnO microstructure’
albeit to a much lesser degree. Thus, the process presented in
this study allows for both ease of fabrication by eliminating the
necessity for a patterning step as well as offering unique
increase in surface area via the formation of nanowire arrays.

In comparison with surface modification by plasma treat-
ment where no chemically enhanced etching takes place, the
resulting morphologies differ strongly.’® This emphasizes the
necessity of careful control plasma treatment parameters to
achieve the desired results.

3.3. Sensing Properties and Mechanism. The increased
surface areas and large surface-to-volume ratios (see Table 1)
of ZnO nanobrushes fabricated by plasma etching as described
in the previous sections makes them ideal for gas sensing
applications. We present a H, sensor based on a si_n%Ie
nanobrush, e.g,, for leak detection in energy applications.””>*

Figure 6 shows a top view SEM micrograph of a ZnO
tetrapod arm after plasma treatment and integrated in a single

Figure 6. SEM image of a ZnO tetrapod arm after plasma treatment
and integrated in a single nanobrush microsensor. The inlay shows a
magnified view of the surface with formed nanotrenches/wires.

nanobrush microsensor by an approach developed by Lupan et
al.*' The ZnO nanobrush is 11 gm in length with a width of
1 pm. The surface of the ZnO rod is fully covered with
trenches/wires formed after plasma etching treatment, as
described in the previous sections.

The gas response was calculated as the ratio of current
measured during H, gas exposure to current measured in air as
S = Lo/ L. The relevant sensing parameters for this as well as

gas
for other studies using ZnO nanostructures are given in Table

2. Gas sensing tests were performed at 10% relative humidity.
For ease of comparison then gas response values are also given
as a percentage increase of the measured quantity. At room
temperature no significant gas response to hydrogen exposure
was observed. When increasing operating temperatures,
however, a gas response of S = 25—100 ppm of H, was
observed starting from an operation temperature of 100 °C
(Figure 7b). A further increase of the operation temperature to
150 °C leads to a strongly enhanced gas response accordingly
with a maximum response of ~150 being a 6-fold increase
compared to 100 °C operating temperature. An upper limit of
operating temperatures of 175—180 °C is found above which
degradation of the nanosensors due to high currents begins.
Therefore, the operation temperature has been limited to a
maximum of 150 °C. When exposing a sensor to different
concentrations of H,, a roughly linear increase in gas response
is observed (see Figure 7c). It can be seen that the setup
presented here offers good sensitivity even to small quantities
of hydrogen gas as low as 8 ppm at elevated operating
temperatures.

Response times t,., and recovery times £, are calculated
as the rise times to 90% of the maximum gas response after gas
exposure and decay time to 10% above S = 1 after H, shutoff,
respectively (Figure 7 a)). The values tresp a0d trcoy are on the
order of a few seconds and given in Table 2. Contrary to the
gas response S t., and f,..,, show no strong dependency on
the operating temperature with T, = 125 °C indicating faster
response as well as recovery times.

The selectivity was determined by comparison of the gas
response between hydrogen and methane and ammonia as well
as the volatile organic compounds (VOCs) acetone, n-butanol,
ethanol, and 2-propanol. The sensor device shows a highly
selective gas response to hydrogen only across all operation
temperatures where no change in current and, thus, no
response to the tested compounds other than H, were
observed.

Both improved gas responses S and response as well as
recovery times were found when comparing to various studies
using pristine, single ZnO nanorods*”>”~%* or nanorod
arrays®®® (see Table 2). Comparing across all parameters
and studies an increase in the gas response S by at least a factor
of 10 is found. Additionally, the response and recovery times
are likewise enhanced with the response being at least 4 times
faster and the recovery 30% faster. However, in comparison to
the study reporting the highest gas response”” our setup shows
a 16-fold decrease in f,, and 20-fold decrease in t,,
respectively. From this comparison it becomes evident that the
fabricated devices show highly promising performance as a
selective, sensitive, and very fast hydrogen sensor.

The sensing of hydrogen using ZnO is based on variation of
the surface electron depletion region (SEDR) due to
interactions with oxygen (air) and hydrogen, respectively.
Under air exposure, oxygen molecules are adsorbed on the
surface and consequently enlarging the depletion region and in
turn increasing the electrical resistance.”* Subsequent exposure
to hydrogen enables desorption of oxygen by H,O formation,
in turn reducing the thickness of the depletion layer.
Consequently, the resistance of the wire decreases, leading to
an increase in measured current. The process of oxygen
desorption is reversible when the sensor is exposed to air.
Thus, a repeated change in current is observed for subsequent
hydrogen and air exposure of single ZnO nanobrush sensor
devices (see Figure 7). The formation of a SEDR implies the
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Table 2. Comparison of Response for Different Studies on H, Sensing Using ZnO Nanostructures, with the Gas Response S,
Operating Temperature T,,, the Response Time t,,,, and the Recovery Time ¢,

study structure H, concn (ppm)
this work nanobrush 100
this work nanobrush 100
this work nanobrush 100
Rout et al.*’ nanorod 100
Rout et al.*’ nanorod 500
Lupan et al.%' nanorod 150
Lupan et al.”> nanorod 100
Lupan et al.*? nanorod 100
Hassan et al.* nanorod array 1000
Hassan et al.* nanorod array 1000
Hassan et al.*® nanorod array 1000
Chu et al.® nanorod array 100
Khan et al.*’ nanorod 100
Khan et al.>’ nanorod array 100

“The gas response is either given by I,i/I;, or (Ry,s —

Top S tesp (5) trecov (5)
100 °C 25/2252% 14 6
125 °C 62/7150% 6 3
150 °C 148/19276% 16 6
RT 3/-

RT 5/—=

RT —/2% 60 300
RT —/6%

RT —/34% 64 11
RT —/500% 176 116
100 °C —/900% 200 124
150 °C —/1400% 188 118
150 °C —/225% 100 200
200 °C 2.5/- 45 120
200 °C 5.5/— 45 120

R,;)/Ry;; X 100%. For ref 59 the response is given by Ry,o/Ry.
response determined in this work is 5% while the response and recovery times have an error of +0.5 s at most.

The uncertainty of the gas
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Figure 7. (a) Dynamic response to 100 ppm hydrogen at 150 °C operating temperature of the single nanobrush microsensor shown in Figure 6 for
multiple response cycles. (b) Gas response of the identical sensor to 100 ppm of H, at different operating temperatures. (c) Gas response of the
identical sensor to different concentrations of H, at an operating temperature of 100 °C.

formation of a conduction channel within the ZnO nanowire/
microwire. It has been shown previously that the relative size
of the conduction channel to the size of the wire strongly
affects the change in electrical properties due to gas exposure.*
Thus, smaller wire diameters lead to an overall increased gas
response to hydrogen. Additionally, it was found that smaller
wire dlameters also promote a higher selectivity toward
hydrogen.**

As revealed by detailed structural investigations, the ZnO
nanobrushes consist of an array of ZnO nanowires with very
small diameters of ~50 nm. Thus, the diameters of the
individual nanowires have to be considered when looking at
the gas response to hydrogen. As discussed, smaller diameters
lead to a higher sensitivity as well as selectivity. Consequently,
the strong increase in gas response as well as the excellent
selectivity of single nanobrush sensors can be attributed to the
small diameters of the ZnO nanowire arrays. The significantly
increased surface-to-volume ratio of up to ~13 times compared
to a pristine rod of identical diameter (see Table 1) when using
a ZnO nanobrush instead of a pristine microrod contributes to
an overall higher surface area available for interactions with the
ambient gas, thus enhancing the sensing performance further.
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Using nanobrushes with different outer diameters and, thus,
surface-to-volume ratios as sensors showed no significant
influence of the surface-to-volume ratio on the gas response.
This strongly suggests that the effect of nanowire formation as
discussed above dominates the influence of the additional
surface area in the parameter space of this study.

Similar improvements in gas response, although Iess
pronounced, have been found when varying the aspect ratio
of ZnO nanorod arrays’ or by fabricating cactus-like ZnO
nanostructures.”’

The influence of the Si/SiO, layer formed during plasma
etching has been investigated by fabrication of a turned over
sensor device showing that the surface of the nanobrush
covered by SiO, does not contribute to the measured gas
response. Thus, the ZnO nanowire arrays are solely responsible
for the functionality of the sensors. The overall behavior of the
sensors can be described by assuming nonmodified, crystalline
ZnO as the active material. It can thus be safely assumed that
the residual a-C:H has no detrimental influence on the surface
reactions. On the contrary, the very high selectivity might in
part be facilitated by the presence of the thin a-C:H layer atop

https://doi.org/10.1021/acsami.1c18679
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the nanowires which could impede the interaction with the
ZnO surface for all gases and VOCs except hydrogen.

The long-term stability of the sensors has been studied by
performing repeated measurements using an identical sensor at
different elapsed times since fabrication. No decrease in
sensitivity has been observed within a time frame of 6 months
under ambient conditions. Additionally, repeated measure-
ments of the structure of single nanobrushes using TEM
showed no changes in chemical composition and morphology.
Consequently, excellent long-term stability of single nanobrush
sensors as well as the nanostructures themselves is reported.

4. CONCLUSIONS

Novel ZnO nano-on-micro structures (nanobrushes) were
manufactured by etching ZnO tetrapods using H,—C,H,
plasma treatment. The morphology and structure resulting
from plasma etching were studied in detail by using TEM and
SEM. The structural analysis showed a brush-like structure in
which arrays of ZnO nanowires are located on a tetrapod/
tetrapod arm basis. The nanobrushes and nanobrush networks
are highly porous on the micro- and nanoscale alike and, thus,
possess high surface-to-volume ratios.

The strongly increased surface-to-volume ratio due to the
formation of nanowire arrays with small diameters after plasma
etching enabled the fabrication of highly sensitive and fast H,
gas sensors using single nanobrushes. Enhanced gas response
as well as recovery and response times could be reached when
comparing to the use of pristine ZnO nanostructures. The
improved sensitivity as well as response times make single
nanobrush sensors ideal candidates to detect hydrogen leaks in
energy applications where fast and sensitive detection is highly
important due to the dangers of even small quantities of
escaped hydrogen gas.””*® Further increased sensing perform-
ance could be achieved by using nanobrushes with maximum
nanowire length in relation to the tetrapod arm diameter or by
using a network of nanobrushes instead of a single one further
increasing the available surface area. Potentially the plasma
parameters during etching could be altered to reduce the
diameters of the formed ZnO nanowires and, thus, further
enhance the sensitivity as well as selectivity.

The plasma etching process in which the described ZnO
nanobrushes are formed has been investigated, and results are
compared to existing studies. The usage of a H,—C,H, plasma
is identified as an effective way of etching ZnO tetrapods. The
formation of nanowire arrays, so far not observed for plasma
etching of ZnO, is linked to a self-patterning process enhanced
by sidewall protection due to a-C:H deposition. When
compared to other etching methods, e.g, wet chemistry,
plasma etching offers superior increase in surface areas.
Additionally, the top-down etching process using ZnO
micro-tetrapods as base material offers ZnO nanowires with
small diameters atop a convenient basis in contrast to ZnO
nanowires, e.g., grown via a vapor—liquid—solid process.®®

The unique combination of etching and Si/SiO, deposition
as two simultaneous, directional processes is found. The
inherently created ZnO/Si junctions find use, for example, in
solar cell application,®® which presents another possible
application for the nanobrushes described in this work.
Furthermore, the deposition of SiO, provides enhanced
mechanical stability allowing for almost free-standing nanowire
arrays that would otherwise be infeasible to achieve.

By using different substrate materials, we can alter the
simultaneous deposition process to achieve tailored ZnO
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nanowire arrays with a coated base. In this way, built-in
heterojunctions can be created. By using a conductive material,
e.g., copper, we could create electrically contacted nanowire
arrays.

Furthermore, fabrication of highly porous so-called aero-
materials’” could be performed by using ZnO template
material nano textured via the presented method. This
approach would further increase the porosity and strongly
enhance the available surface area in comparison to the usage
of pristine ZnO tetrapods as template material.

The large surface area of the presented nanobrushes
combined with the ease of fabrication as well as the versatility
of ZnO as a material makes them ideal candidates for many
applications beyond sensing. Possible applications include
catalysis,68 energy %eneration,m’3’l field emission,® and
cathodoluminescence.”’ The plasma treatment process in
principle allows for large quantities of ZnO tetrapods being
treated at the same time limited only by plasma chamber size.
Together with the capability to produce sufficient amounts of
ZnO tetrapod source material upscaling of the process can
readily be achieved. A first impression of the envisaged
upscaling can be found in Figure 2b where a network of porous
ZnO nanobrushes is shown.

Therefore, the presented fabrication of ZnO nanobrushes/
nanobrush networks via H,—C,H, plasma etching is a highly
valuable tool for scientific and possibly industrial applications
where high specific surface areas are needed.
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Motivation:

A fundamental question in the context of highly porous materials is the permeation
of plasma species into or through the highly porous material. These highly porous
materials excel through their high surface-to-volume ratio as already mentioned in
context of the previous presented etching process. Tetrapodal ZnO is used as example
material for highly porous ceramic framework materials. Knowledge about the pene-
tration depth is key for the production of large quantities of etched t-ZnO, as well as
more generalized plasma modifications of highly porous materials or the effective de-
sign of plasma catalysis reactors using highly porous materials as catalysts. A novel
approach using polymers as marker materials was considered, as the plasma poly-
mer interaction is well studied and can be analyzed with rather simple techniques like
WCA measurements.

Main Results:

The proof of principle for the method of using a polymer as marker material to study
the plasma permeability of highly porous framework materials was successful. Plasma
species produced in an O; low-pressure CCP could permeate through the t-ZnO up
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to a thickness of 1.6 mm, or up to 4mm, depending on the sample holder material,
and activate the polymer surface. The origin of the surface activation was an increase
in the O/C ratio from 11 % to 26 % determined via XPS measurements for a t-ZnO
thickness of 1.6 mm and a density of 0.3 gcm 3. Increasing thickness or density of the
t-ZnO resulted in less or no surface activation as expected. Placing the samples in the
plasma bulk instead of on top of the electrode in the plasma sheath resulted in less sur-
face activation. This fact in combination with the dependence on the conductivity of
the sample holder hints towards ions being the dominant species for the permeation
of the porous framework materials.
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1 | INTRODUCTION

The properties of zinc oxide (ZnO) such as for example,
being a high band gap semiconductor, chemically stable,
and biocompatible resulted in extensive research and a
wide range of applications such as gas sensing or
catalysis." ! Tetrapodal zinc oxide (t-ZnO) became a
focus of research as individual tetrapod-shaped ZnO
crystals can interconnect and form a network of
interconnected tetrapods.[ﬁ] This results in a 3D struc-
tured, highly porous framework material with a large
surface-to-volume ratio.

Controlling the crystal morphology and defect
structure of the t-ZnO enables adaptation to the different
applications. Plasma treatment of ZnO showed promising
results in modifying ZnO by, for example, plasma
etching!” !, to improve its properties'®'®!, such as p-
type conductivity[”]. To combine the advantages of the
3D highly porous t-ZnO with modifications gained by
plasma treatment, plasma penetration into the 3D
structure is necessary.

Further, the plasma itself can be strongly affected by
plasma-surface-interactions like secondary electron emis-
sion."*"2*1 Thus, usage of the large surface-to-volume
ratio of t-ZnO as electrode material could enhance
plasma properties, especially, for microplasmas, where
the surface-to-volume ratio is already quite large.[*>=7!

Other examples, like plasma catalysis!**=>! also
showcase applications where the penetration of plasma
species into the highly porous t-ZnO material is favorable
if not necessary. Thus, in this study, we present a simple
and convenient approach to determine the plasma

¥ ¥\
s )T

_~LOW PRESSURE OXYGEN PLASMA
(excited molecules, _metastables,

- lons, radicals, ‘photons) = '

energy impact
(particle or radiation)

permeability of highly porous materials using the
example of t-ZnO framework materials.

In the past, investigations were made to study, for
example, the transmission of N-atoms in the afterglow of
a microwave discharge through porous materials like
sterilization pouches (2D structured materials). %%
Canal et al. used hydrophobic textiles as indicator
material behind the porous sheet. For those textiles, the
wetting time was measured after plasma exposure.[33]
The t-ZnO framework materials, which were studied in
this work, feature a truly 3-dimensional porous struc-
ture.l®’ The hydrophobic textile was replaced with a
suitable polymer as marker material, which offers an
even easier method to determine the plasma permeability
of porous materials. Figure 1 shows the idea
schematically.

The interaction of plasma with polymer surfaces has
been described in many publications and textbooks. >4~}
Oversimplified summarizing, high energy plasma parti-
cles and UV-radiation lead to dissociations of the C-C-
and C-H-bonds. Thus, other atoms or groups can be
attached to the C-radical sites, depending on the reactive
species in the plasma. Exposing a polymer to an oxygen
plasma leads to functionalization of the polymer surface
by the attachment of oxygen-containing polar groups, as
sketched with OH-groups as an example in Figure 1. One
expects to detect C-O-C, C-O-H, C-O-0O-H, and C=0
bonds within the C 1s-Peak of an XPS high-resolution
(HR) scan of the surface.

This functionalization leads to a decreased water
contact angle (WCA) and a higher oxygen ratio on the
surface of the polymer. Depending on the chosen

/ .’e°°"‘b'“at'°“ N FIGURE 1 Schematic illustration of the
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the highly porous tetrapodal zinc oxide (t-ZnO)
framework material, they will modify the
surface of the polymer marker material. In the
real setup, the gap between the t-ZnO and the
polymer does not exist (see Figure 2b).
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FIGURE 2 (a) Setup for the plasma chamber. (b) Schematic of the sample holder for ethylene propylene diene monomere rubber
(EPDM) test polymer covered by tetrapodal zinc oxide (t-ZnO). There is no possibility for the plasma species to reach the EPDM surface
directly without permeating the t-ZnO sample. (c) Photograph of the filled stainless-steel sample holder with t-ZnO covers on two samples
(left and middle) and pristine EPDM on the right. (d) Photograph of a 2.5 mm thick t-ZnO sample.

polymer and plasma parameters, significant differences
in surface modification can easily be measured. Thus, a
suitable polymer can be used as an indicator material to
study, if plasma can permeate through highly porous 3D
structures, which are placed on top of it.

2 | EXPERIMENTAL SECTION

The experiments were performed in an oxygen (Air
Liquide, 99.9999% purity) low-pressure CCP.*!**! This
comes with the advantage of low mechanical impact on
the studied material samples compared to strong gas
flows using atmospheric pressure plasma jets.[‘”] The
walls of the plasma chamber are used as the grounded
electrode, which results in a large geometric asymmetry
(Figure 2a). Hence, a negative self-bias occurs, which has
been described elsewhere.!*!°]

The change of the WCA of the EPDM surface due to
oxygen plasma treatment was found to be high in
comparison to other for us available polymers (e.g.,
polyethylene or polypropylene) in former, unpublished
measurements of our group. Hence, it was chosen as
suitable marker material. Untreated EPDM has a WCA of
about 130°. A parameter study was performed to
determine the pressure p, rf-plasma power Prg and
treatment time ¢, for which the maximum change in
WCA is observed. The smallest WCA (30°) was found for
p=10Pa, Prp=80W and t=6min. The selfbias is

roughly —700V. These conditions were realized for all
further experiments.

To guarantee the same plasma conditions for t-ZnO
samples of varying thicknesses, a sample holder was
constructed, which is schematically shown in Figure 2b.
A photograph of the holder when typically filled for the
experiment is shown in Figure 2c. The whole setup with
the sample holder in the plasma chamber is sketched in
Figure 2a.

To gain insight into the penetrating species (ions or
neutral components like atomic oxygen, molecular
oxygen or ozone), different holder potentials were
realized. One holder was made out of stainless steel,
one was made out of Teflon. The positioning inside the
chamber was varied between in the plasma sheath
(directly on the rf-electrode, Figure 3a,b) and in the
plasma bulk. To lift the holder into the bulk, glass
cylinders (height about 4 cm, Figure 3c) were used. In the
bulk, the holder acts as a floating body with a floating
potential of approximately —10V. On the rf-electrode,
the stainless-steel holder will adopt the negative self-bias
potential. In contrast, the Teflon holder will be like a
dielectric barrier in front of the electrode. The changes in
the sheath configuration are even visible the naked eye
(Figure 3).

It was also investigated, if any change in the behavior
of the t-ZnO samples is obtained, when they are exposed
to the plasma multiple times. For this, the stainless-steel
holder was placed in the sheath and in the bulk.
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FIGURE 3 Different materials of the sample holders and different positions in the plasma chamber lead to different sheath
configurations in front of the tetrapodal zinc oxide (t-ZnO)/ethylene propylene diene monomere rubber (EPDM) substrate. (a) Stainless steel
holder on the rf-electrode/in the sheath. (b) Teflon holder on the rf-electrode/in the sheath. (c) Stainless steel holder on glass cylinders and,
thus, lifted into the plasma bulk. There is no visible sheath for this configuration.

FIGURE 4 Scanning electron microscope pictures of the investigated tetrapodal zinc oxide (t-ZnO) samples with a mass density of 0.

3gem™ at different scales

WCA measurements were used as a fast and easy
method to determine changes in the surface tension due
to plasma species that have permeated the t-ZnO
material. “**¥! The sessile-drop method*®! was con-
ducted via a custom-built setup. More precise informa-
tion was obtained by XPS.*®! It was performed for
samples in both holders for placement in the sheath. The
goal was to prove that the reduced WCA arises from
oxygen-containing polar groups, which were formed on
the EPDM surface underneath the covering highly
porous 3D structures during the plasma exposure. The
XPS measurements were conducted with an XPS UHV
system (PREVAC Sp. z 0. 0.) at a pressure of 10~° mbar.
An Aluminum anode X-ray tube operated at 300 W
(15kV, 20 mA) was utilized as an X-ray source. Survey
scans were conducted at three iterations and a pass
energy of 200 eV, while HR scans were performed at 20
iterations and a pass energy of 50eV. The charge
correction was done with the C 1 s main peak at 284.8 eV.

The production of the t-ZnO (Flame Transport
Synthesis) was described by Gedamu et al. elsewhere.[*”]
It was pressed into 10X 10mm samples of varying
thickness, which were then sintered for 5h at 1150°C
(Figure 2d contains a 2.5mm thick sample as an

example). Figure 4 shows pictures of a 0.3 gcm ™ density
t-ZnO framework in different scales, obtained by
scanning electron microscopy (SEM). The randomly
distributed arms of the ZnO tetrapods form an
interconnected network, creating a completely
open porous framework material. The porosity of this
framework material in % can be calculated by comparing
the network's density with the bulk density of
Zn0  (py 0 =561 gcm™>) wusing the formula

¢ = (1 - M)*loo.[“‘”

Pzno

Most of the investigated t-ZnO framework material
samples have mass densities of 0.3gcm™, which
corresponds to a porosity of ¢ =94.7%. For the
stainless-steel holder in the sheath, t-ZnO samples of
thicknesses between 1.0 and 2.5 mm were investigated.
For the Teflon holder in the sheath, the t-ZnO samples
had thicknesses from 1.0 to 5.0 mm. Measurements for
multiple usages of the same t-ZnO samples in the sheath
and in the bulk were made for t-ZnO with a thickness of
1.6 mm. For 1.3 mm thick t-ZnO samples, densities of
0.45gcm ™ (¢ =92.0%) and 0.6 gcm ™ (¢ = 89.3%) were
studied. They were placed in the sheath using the
stainless-steel holder.
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3 | RESULTS AND DISCUSSION

For placing the stainless-steel holder directly on the rf-
electrode, the thickness of the covering material is varied
between 1.0 and 2.5mm. The samples have a mass
density of 0.3gcm™. In Figure 5, the results for the
EPDM examination after the plasma exposure are shown.
All depicted results for the performed WCA measure-
ments include error bars originating from repetitions of
the experiments. The WCA and XPS values for uncov-
ered (dark green in Figure 5, WCA of [24 +6]°) and
untreated (red, WCA of [136 + 5]°) EPDM markers can
be considered as references. Figure 5a illustrates the
increasing WCA if thicker t-ZnO samples cover the
EPDM during the plasma exposure. Starting at (24 + 6)°
for the uncovered EPDM, the WCA increases to
(56 +16)° for 1.0 mm, to (70 +19)° for 1.3 mm, and to
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(84 +25)° for 1.6 mm, until it reaches values between
130° and 140 for covering thicknesses of 1.9 mm and
thicker. A WCA in this region means no significant
change in the surface tension of the marker polymer.
These results are very intuitive, as they reveal a better
permeability for thinner covers. There are large error
bars when a treatment effect underneath the cover
occurs (1.0-1.6 mm). The reason for this is probably that
the treatment effect on the covered EPDM changes
dramatically for little inhomogeneities of the porous
material samples. Nevertheless, there is a nonneglectable
increasing trend of the WCA in the data for thicker
covers.

It is yet to validate that this effect truly is due to
oxygen-containing functional groups generated at the
EPDM surface and, thus, it is a plasma treatment effect.
The XPS measurement (Figure 5b) delivers this
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FIGURE 5 Results for different thicknesses of tetrapodal zinc oxide (t-ZnO) covers. The mass density of the t-ZnO is 0.3 gcm™>, the
stainless-steel holder was used and placed directly on the rf-electrode. (a) Water contact-angle (WCA) and (b) X-ray photoelectron

spectroscopy (XPS) data for the ethylene propylene diene monomere rubber (EPDM) surface after the plasma exposure. (a, b) Include data
for untreated EPDM (red bars) and uncovered EPDM (dark green bars), which can be regarded as reference values. (c) High resolution (HR)
scan of the C 1s-peak for uncovered EPDM after the plasma exposure. (d) HR scan of the C 1s-peak for EPDM, which was covered with 1.

6 mm t-ZnO during the plasma exposure.
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information. Data were acquired for pristine EPDM
before (untreated) and after plasma exposure (uncov-
ered) as well as for EPDM that was covered with t-ZnO
samples. The samples had thicknesses of 0.8 mm and
1.6mm and a mass density of 0.3gcm ™. The results
show an extreme increase in the O/C ratio for the
uncovered EPDM from 11.4%-82.0%. For the covered
EPDM, there is still a significant increase in the O/C
ratio. A value of more than 26% was observed for both
t-ZnO thicknesses. The Zn/C ratio is in the same range
(4.5%-7%) for all EPDM samples. This reveals only a
small ZnO contamination of the EPDM surface. HR XPS
scans of the C 1s-peak (Figure 5c,d) show that C-O
(~286 eV1*°h) and C=0 (~289 eV!*")) bonds were formed
at the EPDM surface. Hence, the large increase in the O/
C ratio will originate from oxygen-containing functional
groups (and not from ZnO contamination). These results
allow concluding that plasma species can permeate
through the highly porous t-ZnO networks.

Summarizing the above, the larger wettability of the
EPDM surface, measured by WCA, can be attributed to
functionalization of the polymer and does not originate
from ZnO leftovers on the surface. Furthermore, the
penetration depth of plasma species into the t-ZnO
framework material of 0.3gcm™ can be estimated as
approximately 1.6 mm under these conditions.

Considering that plasma species (in particular:
oxygen radicals/ions) can permeate the porous frame-
work material, parameters and experimental conditions
were varied. The t-ZnO density, the material of the
sample holder, and the position in the plasma chamber
are changed to investigate their influence on the
permeability.

A higher mass density of the t-ZnO cover should lead
to a weaker plasma treatment effect on the EPDM
surface. Figure 6 confirms at least the trend for this
expectation. Taking the large error for frameworks of
0.3gcm™> density into account (70+19°), it can be
concluded that the assumption should be right. The
highest studied mass density of a t-ZnO sample is
0.6gcm™>, which hardly leads to any effect on the
EPDM surface (127 + 6°).

Figure 7 shows that the holder material plays a major
role in the permeation through the t-ZnO samples. The
Teflon holder was used in the sheath to gain insight into
the influence of the holder's potential. The different
sheath configurations for the two holders are visible by
the naked eye (Figure 3a,b). The WCA for a thickness
variation of the t-ZnO samples is depicted in Figure 7a.
The blue bars show the values for the Teflon holder. A
much better treatment effect on the EPDM surface for all
thicknesses (including uncovered EPDM treatment)
relative to the stainless-steel holder is observed. For the

t-ZnO in the stainless-steel holder, there is no change in
the WCA compared to the untreated EPDM for covering
thicknesses larger than 1.9 mm. In contrast, there is just a
relatively small change between uncovered treated
EPDM (8+5°) and a cover thickness of 1.9mm
(24 +5°) in the Teflon holder. Even for a thickness of
4 mm, there is still a small effect in the contact angle of
the EPDM (126 + 7°) if using the Teflon holder.

The XPS measurements in Figure 7b confirm the
WCA results. The O/C ratio of the EPDM, which was
covered with 1.6 mm thick t-ZnO in the Teflon holder, is
32.55%. This is about 6% higher than in the stainless steel
holder. Another important result of the XPS measure-
ment is the fluorine ratio F/C. Since Teflon is not inert to
plasmal®°!, fluorine compounds could also be responsible
for the smaller WCA values. However, there is no
significant F/C ratio for the EPDM that was covered with
the t-ZnO. Figure 7c shows an HR XPS scan for binding
energies, at which fluorine would be detected.’™*?! A
clear peak is found only for the uncovered EPDM sample
in the Teflon holder. In Figure 7d, C-O and C=0 bonds
can be found as subpeaks in the C 1s-peak of the EPDM,
which was covered with 1.6 mm t-ZnO during the plasma
exposure. C-Fx bonds would have been detected at
binding energy between 293 and 294 eV.!*! They are not
found in these measurements. Hence, the smaller WCA
originates from the higher oxygen ratio and not from
fluorine compounds. Additional EDX (energy dispersive
X-ray spectroscopy)®®! measurements also showed no
significant fluorine concentration in the t-ZnO samples,
which were used in the Teflon holder. Thus, released
fluorine will not be responsible for the enhanced plasma
permeability in the Teflon holder.

140 A

120 A

100 +

80 A

60

WCA of EPDM in °

40

20 A

0.3 0.45 0.6
density of t-ZnO cover (1.3 mm) in gcm™3

untreated

FIGURE 6 Variation of the mass density of the tetrapodal zinc
oxide (t-ZnO) samples The samples were used in the stainless-steel
holder in the sheath
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FIGURE 7 Comparison of the Teflon (tef.) holder (blue bars) and the stainless-steel (s.-s.) holder (green bars). Both holders were placed
in the sheath. (a) Water contact-angle results. For values <15°, the water drop was covering almost the complete ethylene propylene diene

monomere rubber (EPDM) surface. (b) X-ray photoelectron spectroscopy (XPS) examined surface composition. (c) High resolution (HR)
scan of the F 1s-peak. (d) HR scan of the C 1s-peak for EPDM which was covered with 1.6 mm t-ZnO during the plasma exposure in the

Teflon holder.

A possible explanation for better surface activation
in the Teflon holder compared to the stainless-steel
holder could be the following. The stainless-steel holder
on the rf-electrode adopts the self-bias potential of
roughly —700 V. The t-ZnO samples, instead, will not
adopt this potential and will be less negatively charged.
Thus, positive ions are deflected in their trajectories and
attracted toward the stainless-steel of the holder. This
could work similar as a defocusing ion lens. It would
result in fewer ions arriving at the top t-ZnO and
permeating it towards the bottom EPDM. The Teflon
holder instead works like a dielectric barrier in front of
the electrode and will not influence the trajectories of
the arriving species as much.

To investigate changes in the plasma permeability of
the t-ZnO for multiple plasma exposures, four samples of
1.6 mm thickness were used three times each. An unused
EPDM sample was placed underneath the t-ZnO for

every run. Figure 8a shows the WCA results. It holds
values for positioning in the sheath (light green) and in
the bulk (darker green). The different positions result in
different sheath configurations (Figure 3). The uncovered
EPDM has a WCA of (79 & 5)° after being treated in the
bulk. In the bulk, the ions, which arrive at the samples,
have smaller kinetic energy compared to sample
placement in the sheath. This explains, why the overall
WCA values are higher for treatment in the bulk. The
covered EPDM showed a WCA of about 120° for all three
usages of the t-ZnO in the bulk. In contrast, for treatment
in the sheath, the WCA decreases with every usage of the
t-ZnO samples. (Note: The value for the first use in the
sheath differs from the value for 1.6 mm in Figure 5a.
That is, because only those samples were considered
here, which were truly used multiple times). For the first
use, the WCA of the EPDM underneath is (76 + 8)°, for
the second use (57 + 12)° and for the third use (44 + 9)°.
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FIGURE 8 Multiple usage of the same tetrapodal zinc oxide (t-ZnO) samples. The samples had a thickness of 1.6 mm and a mass
density of 0.3 g cm™>. The stainless steel holder was used. (a) Water contact-angle results. A comparison is made for plasma exposure in the
sheath/directly on the rf-electrode (light green) versus in the bulk (darker green). (b) Photos of the t-ZnO samples after the plasma exposure.

Thus, plasma exposure of the t-ZnO in the sheath
enhances its plasma permeability.

This also hints toward the species that play a major
role in the functionalization of the polymer surface
underneath the t-ZnO. In the bulk, the ions are not
accelerated to the samples as much as in the sheath (the
potential of the holder is roughly —10 to —20V in
comparison to —700V). On the other hand, neutral
species like atomic and molecular oxygen or ozone are
barely affected by the different electrical configurations
in the bulk. They will even be present at higher densities.
Thus, one can assume that ions from the discharge are
the major species permeating the porous t-ZnO material.
Further, the role of UV-photons will be negligible for the
same reason and EPDM was found to be resistant to UV
radiation within the short treatment times used in this
study.[®¥

In Figure 8b, photos of the t-ZnO samples are shown.
The samples in the upper row were exposed to the
plasma in the sheath, in the lower row in the bulk. The
left photos were taken after the first use and the right
photos after the third use of the samples. For positioning
in the sheath, an increasing yellowish color change is
visible. In contrast, the samples in the bulk do not
change in color. A yellowish color change indicates an
increase in excess zinc ions in the t-ZnO crystal
structure.l® The enrichment in zinc ions can occur
due to oxygen radicals and ions in the plasma, which are
binding oxygen atoms from the zinc oxide. The resulting
change in conductivity of the t-ZnO could also influence
the permeability of the material. Proving this hypothesis
could be a subject of future experiments.

One could also imagine a sputtering effect for the
position in the sheath, which would lead to an increase

in porosity. This would enhance the plasma permeability
as well. However, SEM of the used samples did not reveal
any mechanical changes to the network structure.

4 | CONCLUSION

Summarizing the performed experiments, this study can
be regarded as a proof of principle for the method of
using polymers as marker materials to study the plasma
permeability of highly porous framework materials. The
results by WCA and XPS measurements emphasize that
porous framework materials produced from t-ZnO
possess a plasma permeability in an oxygen low-
pressure CCP. The permeability decreases with increas-
ing sample thickness and mass density of the t-ZnO
framework. XPS examination validates that oxygen ions
and/or radicals modify the covered polymer. The O/C
ratio increases from roughly 11% for untreated EPDM to
more than 26% for EPDM, which was covered with
1.6 mm thick t-ZnO during the plasma exposure. C-O
and C=0 bonds on the EPDM surface were detected in
HR XPS scans. It was found that the treatment
conditions, such as positioning in the plasma chamber
and material of the sample holder, play a significant role.
The penetration depth was found to be approximately
1.6 mm for t-ZnO (mass density 0.3 gcm™>) when placed
in a stainless steel holder directly on the rf-electrode.
Using a Teflon holder instead, showed a much larger
penetration depth between 2.5 and 4 mm. Exposing
t-ZnO samples to the plasma directly on the
rf-electrode multiple times enhances the permeability.
This was observed by a decreasing WCA from (76 + 8)°
(first use) to (44 +9)° (third use). This effect was not
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obtained for positioning in the plasma bulk. The smaller
effects on the covered EPDM in the bulk in general hint
toward the ions as being the dominant species for the
permeation of the porous network structures. Further
understanding of the plasma permeability could be
gathered, for example, by covering a mass spectrometer
instead an EPDM marker with the porous framework
materials to quantify the permeating species.
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Chapter 7

In situ Microplasma Cell
Development

The main goal of this thesis is the development of a vacuum-proof microplasma cell
suited for TEM integration. Most of the previously shown results were highly moti-
vated by this goal and focused on the plasma itself and its interaction with the elec-
trode surface. The electrode setup and, thus, the plasma geometry was already chosen
based on the design considerations given in this following chapter. Nevertheless, the
obtained results go far beyond the plasma stability tests that are mandatory for the
in situ microplasma cell. They provided a lot of new insights into the plasma surface
interaction under atmospheric pressure conditions, despite being performed ex situ.
In particular, the determination of effective secondary electron coefficients under at-
mospheric pressure conditions resulted in follow up works refining the experimental
conditions and extending the material and parameter space. Furthermore, the ex situ
treatment of thin films coated directly onto TEM grids was already refined within a
master’s thesis [327] as it enables identical location TEM (IL-TEM) by comparing the
same sample areas before and after plasma treatment. Utilizing this technique also for
nanomaterials placed on top of an electrode film is planned within a follow-up project.
The main restrictions are given by the TEM optics, as the pole pieces of the objective
lens limit the available space for the in situ microplasma cell. The size limitations
also resulted in the choice of a microplasma as mentioned in the introduction. Hence,
atmospheric pressure is needed inside of the in situ cell and a vacuum-proof encapsu-
lation is necessary. Finally, the in situ cell has to be electron transparent. The electrodes
have to be built up from conductive thin films sputtered on top of the SiNy TEM grids
as introduced in chapter 5. At least, if the electron beam is planned to propagate
parallel to the electric field and, thus, the plasma discharge, to observe the plasma ef-
fect on the electrodes and to not disturb the TEM optics by the additional electric field.

7.1 Restrictions given by the TEM

The JEOL JEM-2100 microscope is intended to be used for the in situ experiments. It
can be operated in TEM or STEM mode and is equipped with an EDX detector. Its
electron gun consists of a LaBg thermionic source operated at 200kV. The objective
lens is built up from a split pole piece (JEOL HR) with a distance of 4.5mm (illus-
trated in Fig. 7.1a), which sets the absolute maximum for the height of the in situ cell.
It would be more preferable to restrict the cell height to 4 mm to minimize the risk of
touching and dealigning the pole pieces, as well as enabling small tilts of the cell and
the holder to improve the image contrast. The diameter of the sample/holder port
is approx. 10mm. The holder itself also needs space, thus, the maximum outer cell
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Contact lines

Adapter chip

(a) Schematic drawing of a TEM objective
lens with a split pole piece. Adapted from
[288].

(b) Hlustration of the custom TEM holder tip with cell
adapter chip. Adapted from [329].

FIGURE 7.1: Illustrations of the split pole piece and the custom TEM
holder for a better understanding of the given requirements.

Requirement Value Origin
Vacuum sealing 1x10°Pavs.1x 10 °Pa TEM
Ignition voltage <1kV Holder
Cell height <4.5mm TEM
Cell width <4mm Holder
Cell length <4mm Holder!
Gas column height <100 um TEM?
SiNy thickness <100nm TEM?
Electrode thickness <50nm TEM?

! Given by the hole in the cell adapter chip, could be altered.
2 Estimations based on the electron mean free path, see chapter 3.2.1 and [236].

TABLE 7.1: Summary of the requirements on the in situ microplasma
cell.

diameter is restricted through the holder. For the experiments a custom electrical bi-
asing holder by Hummingbird Scientific based on their 1600 electrical biasing holder
(spring contact, type III) [328] was designed, offering 4 mm space for the outer diame-
ter of the cell. An adapter chip is mounted in the tip of the holder as shown in Fig. 7.1b
to contact and hold the cell. In addition, the holder is equipped with two high voltage
cables (26 AWG Teflon coated micro-flex cable, 3 kV rated) to apply the high voltage to
the in situ cell and offer an isolated ground. The complete holder with the inserted cell
adapter chip is 1kV rated by Hummingbird Scientific. Along the insertion direction
of the holder the TEM would limit the available space to 30 mm, which for obvious
reasons is not the critical dimension. Table 7.1 summarizes the requirements on the in
situ microplasma cell either given by the TEM or the holder.

7.2 Microplasma Setup and Geometry

The plasma geometry also sets boundaries for the cell, especially for the height. It
was introduced and successfully tested in the chapters 4 and 5. Due to the restrictions
given in table 7.1, the electrodes are based on framed SiNy TEM grids (Pelco® Prod.
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FIGURE 7.2: a) Sketch of a cut through the TEM grid electrode to il-
lustrate the thin film layers. b) Light microscope image of a TEM grid
electrode. The 1nm Ti film is below the 50 nm Au film.

No. 21515-10 [330]) with an outer diameter of 3mm. In the center of the TEM grid a
500 pm x 500 pm large window with 25 70 um x 70 pm small electron beam transparent
apertures with a film thickness of 35 nm is used for imaging. The frame, as well as the
Si base layer, is 200 um thick and stabilizes the window to withstand the forces due
to the pressure gradient. Simplified simulations showed that a 250 um x 250 um large,
50nm thick SiNy film, partly coated with 50nm Cu, should not rapture due to the
forces created by the comparable pressure gradient [331]. As the force F scales with
area A times pressure p (F = p * A), the decision was made to reduce the free standing
SiNy thin film area by a factor of nearly 13 to reduce the force for safety reasons and
also to be able to use a thinner SiNy film for better image quality.

On top of the SiNy layer, a 1 nm thick Ti layer is sputtered as adhesion layer prior to the
roughly 50 nm thick Au layer used as electrode. In addition to an improved adhesion,
the ultra-thin Ti layer also improves the thermal stability of the electrode [332], which
might become important in case plasma instabilities like small arcs form. The thin
film layers are illustrated in Fig. 7.2a. The electrode layers are only sputtered onto
the center of the TEM grid via a shadow mask to reduce the risk of short circuits
between the electrodes via the vacuum encapsulation or unintentional plasma ignition
at the sides of the dielectric spacers (introduced in the next paragraph). Further, a
small contact pad is also sputtered via the shadow mask visible in Fig. 7.2b for the
electrical connection. Isolated Ag wires (Goodfellow AG00-SW-000118 [333], also Cu
wires were used for the first experiments CU00-SW-000126 [334]) with a conductor
diameter of 25 um and a 5 um thick isolating polyimide layer were connected utilizing
silver conductive paint (SCP, Electrolube SCP03B [335]). The wire ends were stripped
by carefully heating over an open flame.

The interelectrode distance as well as the actual discharge region is set by two 50 um
polyimide foils (so called Kapton spacer, DuPont™ Kapton® HN, Goodfellow IM30-
FM-000200 [336]) to 100 um. These foils are shown in Fig. 7.3 and were either stamped
in shape by a custom build punch or laser cut by an external company (Abitsch Prazi-
sionsnormteile GmbH [337]). Laser cutting turned out to be the more reliable and
flexible option, as signs of abrasion on the punch led to the expansion of the outer
diameter.

The inner diameter of the Kapton spacer sets the boundaries for the discharge channel
as observed in chapter 4. It was reduced from 1 mm to 0.45 mm to center the discharge
channel above the SiNy apertures. The reduced diameter was calculated based on the
measured current densities and tested in the already mentioned master’s thesis [327].
The notch in the outer diameter is necessary to provide space for the wire connection.
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FIGURE 7.3: Long distance microscope pictures of the Kapton spacer

either produced by laser cutting or via stamping. The nominal dimen-

sions are illustrated to showcase both manufacturing methods produce
a well-suited spacer.

Si TEM grid base -
Kapton foils

Au/Ti film
SiN, film

Ag conductive paint
Ag wire —— |
FIGURE 7.4: Half section view of the microplasma electrode setup.

Further, the stack of two foils is essential to avoid short circuits or unwanted plasma
ignition at inappropriate locations. The second foil is placed 180° rotated to the first
one, resulting in the notch being present at the opposite side of the inner hole. Thus, a
dielectric barrier is present anywhere except for the inner hole.

The second electrode is also rotated by 180° and placed on top of the Kapton spacers.
A half section view of the assembly is shown in Fig. 7.4. Neglecting the nm thin films
the total height of the microplasma geometry adds up to 500 pm which sets another
boundary condition for the design of the vacuum encapsulation. Furthermore, the
3 mm outer diameter of the TEM grids would set another boundary condition, which
will be addressed in the next section.

7.3 3mm Cell

Non-custom built TEM holders usually offer only 3.05 mm radial space for the sam-
ples, as the TEM grids are standardized to an outer diameter of 3 mm. The first cell de-
sign was designated for a standard TEM holder as a custom holder was not available
in the beginning of the project. Despite not pushing this design until actual plasma
ignition or TEM integration, a prototype of the cell was successfully built. The small
3 mm outer diameter cell could become useful in the future due to its universal fit into
nearly every TEM holder.

7.3.1 Dimensions

The outer diameter of the cell was fixed to 3.05 mm to fit into the TEM holder. An-
other restriction was given by the TEM grids in the center of the cell. Their outer
diameter had to be reduced, as the standard diameter of 3 mm obviously did not fit.
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FIGURE 7.5: CAD drawing of the 3 mm in situ microplasma cell shells.
Technical drawings with dimensions can be found in the appendix A.

TEM grids with smaller outer diameters could only be ordered as custom designs in
large quantities. For prototype development these quantities resulted in a too large
investment, thus, a technique for the reduction of the outer diameter of standard TEM
grids had to be found. Ultrasonic cutting of 2.3 mm circular slides was and still is a
TEM sample preparation technique to cut TEM sized sample pieces from, e.g., metal-
lic thin films. The SiN, TEM grids consists mainly of Si and with ultrasonic cutting
nowadays also being used to cut and machine ceramics, the inner diameter of the cell
was set to 2.3 mm assuming that the ultrasonic cutting will work.

Based on the set inner and outer diameter, a first design was developed as shown in
Fig. 7.5. A technical drawing with all dimensions can be found in the appendix A.
The decision was made to manufacture the cell from two shells which are stacked and
glued with vacuum compatible epoxy (Torr Seal ® Low Vapor Pressure Epoxy [338]).
Ideas utilizing a screw connection or similar instead of glue had to be discarded based
on the small dimensions.

So-called micrOrings (micro O-rings, Apple Rubber [339]) with an inner diameter of
0.81 mm and a cross section of 0.69 mm made from fluorocarbon (Viton®) were cho-
sen to seal the microplasma atmosphere versus the holes in the shells necessary for
the TEM electron beam transmission. The O-ring glands were calculated based on the
typical 25 % height compression [340]. The centered TEM electron beam transmission
hole had to be chosen with a diameter of 0.4 mm to provide sufficient wall thickness.
The walls at the bottom and the top were chosen with a thickness of 0.5 mm result-
ing in a total height of the in situ microplasma cell of approx. 2.5mm, fulfilling the
requirements.

The shells are designed asymmetric in height to enable stacking of the components in
the bottom shell prior to sealing the cell. More details on the assembly of the cell are
given in section 7.3.3. The small gap between the shells on the outside should be filled
with epoxy, as a certain volume is required for good adhesion. The wires leave the cell
through small conduits, which are also sealed during the gluing of the shells. A rota-
tion prevention is constructed by machining inner and outer half circles interlocking
with each other during the assembly. This is necessary to protect the small wires and
to ensure that the conduits are not closing due to rotation. The long slit on the outside
is another conduit to lead the cables in the TEM holder out of the diameter limiting
plane.

The shells were machined from aluminum (EN AW-6061) by the physics workshop of
the Kiel University.
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(a) Picture of the TEM grid holding device. (b) Light microscope image of a laser cut
TEM grid.

FIGURE 7.6: a) The TEM grid holder designed for the laser cut process.

The centering ring is slid down after the vacuum is created and the

height clamp is removed. b) The outer diameter of the TEM grid was

successfully reduced with a clear edge. The heat introduced to the TEM

grid during the cutting resulted in modifications of the SiNy film at the

edge visible in the reflection pattern. The window in the center was
destroyed during the process.

7.3.2 Reducing the TEM Grid Size

For the 3mm cell, the outer diameter of the TEM grids had to be reduced to 2.3 mm.
Machining Si is a non-trivial task, made even more difficult by its small dimensions
and the free-standing membrane in the center. The various methods for reducing the
diameter are listed.

Ultrasonic Cutting

The ultrasonic cutting did reduce the outer diameter of the TEM grids but the free
standing SiNy membrane ruptured due to the vibration as soon as the tool touched the
TEM grid. The same happened with other mechanical processing, such as experiments
with the wafer saw or by means of CNC milling. Thus, mechanical processing does
not work for the reduction of the diameter.

Laser Cutting

Reduction of the diameter without mechanical stress could be achieved via laser cut-
ting. With Si being transparent in the infrared region not all laser cutting devices can
be used for the processing. In consultation with R] Lasertechnik GmbH [341], a TEM
grid holding device based on a vacuum pump was developed and built in the physics
workshop to hold the TEM grids in their center to cut off the edges. Fig. 7.6a shows
the device after several uses. The TEM grids are centered on top of a small Cu tube.
Cu was used as material, as it reflects the laser during the cutting process and quickly
dissipates any heat input.

After the first quite successful tests, 60 TEM grids with various window sizes and SiNy
film thicknesses were laser cut with mixed results. Only 17 of them were cut without
damaging the window. Fig. 7.6b shows a laser cut TEM grid with a damaged win-
dow. Its unclear how the window was damaged, as the cutting edge looks good and
no raptures or other signs of thermal induced stress are visible near the center of the
TEM grid. It is assumed, that handling issues led to the destruction of the window
as already the smallest touch can result in fatal damage. Overall, laser cutting turned
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(a) Sketch of the TEM grid clamp. (b) Light microscope image of a chemical etched
TEM grid.

FIGURE 7.7: a) Sketch of the TEM grid clamp made from PTFE for the

chemical etching process. The diameter of the O-rings or Viton® wash-

ers can control the area to be etched. b) A chemical etched TEM grid

with an intact window. The red circle indicates the target diameter of
2.3mm. The edge got thinned due to the etching.

out to work for the size reduction, but the large scrap rate was intolerable. With direct
access to a suited laser cutting machine this method could prove to work fine.

Chemical Etching

The wet chemical etching process of Si is already known since the 1950s [342-345] and
offers another method of diameter reduction without introducing mechanical stress
to the TEM grid. A clamping device from PTFE was built to clamp the TEM grid in
between two O-rings or Viton® washers. A sketch is shown in Fig. 7.7a. The outer
diameter of the O-rings or Viton ® washers in combination with the clamping pres-
sure is used to influence the area to be etched. The clamping device was inserted into
a 13 wt% hydrofluoric acid solution. The solution was set up from 60 ml hydrofluoric
acid (48 % aqg. solution), 100 ml nitric acid (65 % aq. solution) and 60ml acetic acid
(96 % aqg. solution).

The etching time was varied with best results after 80 min. Fig. 7.7b shows an etched
TEM grid. Viton® residues are visible on the surface and the edge is not perfectly
sharp, but the window is intact. The red circle indicates the target diameter of 2.3 mm
which was hit nearly perfectly. The non-uniformity of the TEM grid, as well as etch-
ing to a slightly smaller diameter should not be a problem for the assembly of the cell.
Thus, the chemical etching of the TEM grids works fine to reduce the diameter.

7.3.3 Assembly of the 3 mm Microplasma Cell

A custom 30x30x30 cm? glove box utilizing thin laboratory gloves (LLG Labware, ni-
trile gloves standard) equipped with a load lock was constructed from poly(methyl
methacrylate) (PMMA) and silicone rubber. The thin laboratory gloves are necessary
to carefully handle the small parts with tweezers. Further, a long-distance microscope
(see section 3.1.3) was mounted above the glove box in order to display the working
area magnified on a monitor.

Fig. 7.8 shows a photograph of the custom-built glove box setup. In the glove box, the
centering tool is visible. It enables clamping of the cell shells centered to each other in
a way that they fit into each other if the top shell is lowered onto the bottom one. The
long distance microscope is focused onto the bottom shell in which the components of
the microplasma cell are assembled. The assembly procedure is as follows:
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FIGURE 7.8: Photograph of the custom-built glove box setup. The long
distance microscope images are displayed on the monitor on the left
and enable a closer look during the cell assembly.

First, the electrodes are wired. The insulating wires are cut to a length of approx.
3cm and the cable ends are carefully stripped using a small flame. Stripping can be
avoided, if one ensures that in the following connection, the SCP is touching the cut
wire end. The (stripped) wire is connected to the contact pad via the SCP. Here, a fine
art brush size 0 (Rico Design [346]) proved to work best for the application of small
amounts of the SCP. It is important that the SCP is only applied on the contact pad, as
it would modify the microplasma electrode if applied too close to the center, or could
result in short circuits, if applied too close to the edge of the TEM grid. After the suc-
cessful wiring the SCP should dry for at least 30 min.

While the glove box is unsealed and open, the shells are clamped into the centering
tool. First, the shells are stacked into each other and placed into the bottom clamp
without the clamp being closed. The centering tool is closed slowly and the upper
shell should nearly disappear in the top clamping device. The top clamp is closed first
while the shells are still joined to ensure both shells rotate evenly in case the pressure
from the clamp results in a small rotation. The bottom clamp is closed afterwards and
the clamping device is opened and closed again to double check the right orientation
from the shells towards each other.

The O-rings are pressed into both shells and stick in their position. The bottom elec-
trode is placed on top of the O-ring with the cable being fitted into the conduit of the
bottom shell. The first Kapton spacer is placed on top of the bottom electrode with
notch fitting the contacted wire. This step is shown in Fig. 7.9 a). Laser cut TEM grids
were used for this prototype. Kapton tape is stuck around the cell to avoid epoxy
sticking to the centering tool.

The second Kapton spacer is placed with its notch aligned to the second conduit. The
top electrode is placed with the gold film facing downwards and the wire orientated
to the second conduit as shown in Fig. 7.9b). The wires are barely visible due to their
small size and the poor contrast on the Kapton tape. Fig. 7.9 c¢) shows the height of the
electrode stack and its instability. The final interelectrode distance, as well as stability
to the electrode stack, is given by the connection of both shells.

The glove box is sealed and flushed with 3 slm He for 30 min followed by 1slm for
2.5h. The He flux is increased to 3 slm during the gluing of the shells.

The two parts of the epoxy are prepared separately from each other in a small petri
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FIGURE 7.9: Photographs during the assembly of the 3mm cell. a) The

bottom O-ring, electrode and Kapton spacer are already placed inside

of the bottom shell. The silver conductive paint (SCP) for this proto-

type was applied too close to the center of the electrode. b) The second

Kapton spacer and top electrode were placed to complete the electrode
stack. ¢) Side-view onto the electrode stack.

Kapton spacer
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FIGURE 7.10: Photographs of the assembled 3 mm cell prototype. Ob-
vious imperfections are visible as a result of errors during the assembly.

dish and placed in the load lock. The load lock is flushed for 3 min with 3slm. Af-
terwards, the two components of the epoxy are mixed inside of the glove box. The
epoxy is applied to the outer edges of the shells with the tip of an insulin cannula. If
some parts of the electrode stack misaligned it has to be corrected prior to closing the
centering tool.

The centering tool is slowly closed and the shells stacked into each other. The closing
should be done slowly to avoid a sudden overpressure on the TEM grid windows.
The shells are pressed together to squeeze the O-rings. The centering tool keeps the
pressure during the hardening process. The He influx is reduced to 1 slm for another
2h during the first hardening, and, thus, sealing of the cell.

After 48 h the clamps are opened and the in situ microplasma cell is carefully removed.
If epoxy sticks to the tape stuck around the bottom shell, the cell is removed together
with the tape and afterwards the tape can be peeled off the epoxy.

7.3.4 State of the Art

Fig. 7.10 shows photographs of the first and only assembled prototype of the 3mm
cell. A wire was ripped off during the removal from the centering tool as it was ac-
cidentally glued to the tape. Further, a part of one Kapton spacer is visible on the
outside, indicating that the Kapton spacer slipped out of the electrode stack shortly
before the closing of the centering tool. Some epoxy is also visible on the outside,
which can be carefully removed if necessary. Apart from these obvious errors, the cell
looks good and the epoxy resulted in a strong connection between the shells despite
being applied to quite small areas. Overall, the design for the 3 mm cell works out
well and can be refined for future experiments.
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FIGURE 7.11: CAD drawing of the 4mm in situ microplasma shells.
Technical drawings with dimensions can be found in the appendix A.

7.4 4mm Cell

During the project the opportunity arose to buy a custom Hummingbird Scientific
electrical biasing holder which enabled to increase the outer diameter of the in situ mi-
croplasma cell to 4 mm and, thus, avoid the necessity of reducing the outer diameter
of the TEM grids. The larger dimensions of the 4 mm cell also simplified the manufac-
turing and assembly of the shells, especially the wire connection via SCP. Therefore,
efforts were concentrated on building an operating prototype of the 4 mm cell.

7.4.1 Dimensions

The 4 mm cell is fixed to an outer diameter of 4 mm and an inner diameter of 3.05 mm.
The O-ring size obviously also increased to an inner diameter of 1.5 mm with a cross
section of 0.6 mm made from fluorocarbon (FPM micro O-ring, Sealware® [347]). The
O-ring glands have been adapted to the new O-rings. Again, the choice was made
to set up the cell from two shells which are glued together by the vacuum compati-
ble epoxy. Fig. 7.11 shows the updated cell design, which was again machined from
aluminum (EN AW-6061) by the physics workshop. The technical drawings are again
given in the appendix A.

The cell is again designed asymmetrically to stack the components mainly into the
bottom shell. The central hole for the electron beam could be increased. In contrast
to the previously shown 3 mm cell, the inner circle of the locking and centering mech-
anism is placed fully on the bottom shell. This change allows for easier application
of the epoxy, as a wall is constantly present between the surface area covered with
epoxy and the electrode stack in the center. The rotation prevention is realized via two
plane areas interrupting the circle. Further, the top part of the top shell is designed
elliptically instead of circular. The elliptical parts surpassing the rest of the cell are set-
ting the mounting height of the cell in the adapter chip (chip shown in Fig. 7.1b). The
cell will be inserted in the hole in the chip until the elliptical part touches the chip. If
necessary, the elliptical part can be fixed on the chip with vacuum compatible carbon
tape. The mounting height results in centering of the microplasma cell in the focus
plane of the TEM.

The microplasma electrode setup is identical to the previously discussed setup as il-
lustrated in Fig. 7.4 with the only difference being the outer diameter. A three quarter
section view of the designed 4 mm in situ microplasma cell is shown in Fig. 7.12. In
the closed state, the height of the cell should be 2.39 mm and, thus, easily fit between
the pole pieces of the TEM.
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FIGURE 7.12: Three quarter section view of the designed 4 mm in situ
microplasma cell.

7.4.2 Assembly of the 4mm Microplasma Cell

The assembly procedure is similar to the one for the 3 mm cell as described before. The
clamping mechanism of the centering tool was adapted to fit the bigger shells. Tape
is placed around the bottom clamp to shield it from the epoxy. The shells are clamped
into the centering device. With the elliptical top shell, the order of closing the clamps
(first top clamp, then bottom clamp) is important to avoid damage to the rotation pre-
vention. The O-rings are pressed into the shells and the contacted bottom electrode is
placed with its wire fitted in the conduit. The two Kapton spacers are placed on top of
the bottom electrode and the top electrode is placed upside down next to the bottom
shell. The glove box is sealed and flushed with 3 sim He for 30 min followed by 1slm
for 2.5h.

The He influx is increased again to 3 slm with the start of the gluing process. Fig. 7.13
shows different steps of the gluing process. The components should be arranged as
shown in Fig. 7.13 a) prior to sealing and flushing the glove box. The two components
of the epoxy are introduced through the airlock and mixed thoroughly. The epoxy is
applied to the small edge with the cannula tip as demonstrated in Fig. 7.13b). Some
epoxy overhangs the edge of the shell and runs onto the tape. The second conduit for
the wire of the top electrode should be omitted from epoxy to fit the electrode wire
into the conduit. This step is shown in Fig. 7.13 ¢) followed by Fig. 7.13d), the place-
ment of the top electrode. The placement of the top electrode is not trivial, as it should
not touch one of the edges covered with epoxy. Further, the wire has to be fitted in
the conduit as it would get ripped off during the closing otherwise. The conduit has
to be sealed with epoxy as shown in Fig. 7.13 e). Letting the epoxy slowly slide off the
cannula tip allows to seal the conduit without directly touching the wire. Otherwise,
misalignment of the electrode stack is quite probable. Fig. 7.13 f) Shows the final state
before closing the centering tool. Both wires are in their respective conduits and the
epoxy is applied all around the bottom shell.

The centering tool is slowly closed and the shells are pressed together. The centering
tool is locked to keep the pressure up during the hardening. The He influx is reduced
to 1slm for the next 2h. After these 2h, the epoxy should be capable of sealing the He
atmosphere inside of the cell. The He influx is switched off and the cell is left inside of
the glove box for at least 48 h to fully harden.
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FIGURE 7.13: Long distance microscope images during the assembly of

the 4mm cell. The scale is valid for all images. a) Prepared for gluing. b)

Application of epoxy. ¢) Conduct omitted from epoxy. d) Placement of

top electrode with wire in conduct. e) Sealing the conduct with epoxy.
g) Ready for closing the centering tool.

Movies of the full assembly are available on the Plasma Technology Group data stor-
age and may be shared upon reasonable request. After the cell is hardened the in situ
microplasma cell can be removed. One has to be careful with the wires, as these can
easily be ripped off due to mishandling. If excess epoxy prevents an easy removal of
the cell, the cell has to be removed together with the tape applied to the bottom clamp.
The tape can be removed from the bottom clamp by carefully scratching underneath
the tape with the tip of a pair of tweezers. After the tape and cell have been removed
from the bottom clamp, the tape can be carefully peeled off the epoxy.

Fig. 7.14 shows a successfully assembled 4 mm in situ microplasma cell. The long dis-
tance microscope image in Fig. 7.14a) was taken directly after opening the centering
tool. The TEM window in the center of the cell is not fully visible due to the viewing
angle of the microscope. Fig. 7.14b) shows the cell upside down after it was removed
from the centering tool. The TEM window is intact and was not damaged during the

FIGURE 7.14: Pictures of the 4mm in situ microplasma cell. a) Taken

with the long distance microscope while still clamped in the centering

tool. b) Upside down on mm paper with focus on the intact TEM win-
dow.
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FIGURE 7.15: a) The applied voltage (source), the voltage present at

the electrodes (cell), and the current through the microplasma (cell, red,

right y-axis) over time of a glued microplasma cell. b) I-V characteristics
of a glued microplasma cell ignited on several days.

assembly process. Excess epoxy is visible on the sides. Close to the wires the epoxy
will not be removed, as the risk of accidentally ripping off the wires is too high and it
does not influence the fitting of the cell into the adapter chip as the hole in the adapter
chip was chosen elliptically anyway to provide space for the wires to exit the cell.

7.4.3 Electrical Testing

The functionality of the in situ microplasma cell has to be ensured prior to introducing
it into the TEM, since every insertion into the TEM is always associated with the risk
of damaging the TEM. Electrical measurements are applied first, to check successful
ignition of the microplasma, as well as its I-V characteristics. The electrical circuit that
is shown in Fig. 3.1 and is used for nearly all experiments, was connected to the mi-
croplasma cell.

Fig. 7.15a shows a typical test procedure performed at a glued microplasma cell. The
first cells were tested more intense as it is shown here with multiple ignitions and a
variation of the discharge current via the external applied voltage. Cells intended for
actual use in the TEM were only ignited once shortly (<1s) to avoid degradation and
modification of the electrodes.

The cell shows a behavior as expected from the ex situ studies on the microplasma (cf.
chapter 4). The voltage measured at the electrodes is in the range of —200V and does
not change significant and instantly with a change in the external applied voltage and
discharge current. A drift is visible in the cell voltage, which was also seen in ex situ
studies. Especially during the optical imaging experiments utilizing ITO coated glass
as electrodes, these drifts or even jumps were visible and correlate with the discharge
channel moving across the electrodes. Arcing or other instabilities are most likely to
happen during the switch on of the plasma, thus, multiple ignitions were performed
as visible in Fig. 7.15a. The current in the range of approx. 1 mA to 1.5mA also fits the
expectations from the ex situ experiments. The noise level is higher which might hint
to a not perfect gas purity as a result of the outgassing epoxy during the hardening.
The test procedure was performed on several days over 3weeks and the I-V charac-
teristics are plotted in Fig. 7.15b. The typical behavior of a minimum current being
necessary for a successful operation as well as a nearly constant voltage with increas-
ing current is visible for all days. For the first day (Day 1) higher voltages at the
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FIGURE 7.16: View onto the microplasma cell inside of a low-pressure
chamber connected via two contact pads on an isolating glass dish for
electrical testing.

electrodes are visible which can be explained by electrode contamination, which was
also seen in ex situ experiments. The first ignition removes the contamination which
results in better discharge conditions for the following days. Here, it is assumed that
the contamination was on the electrodes and was brought into the gas phase due to
the plasma surface interaction. While the plasma was burning it was present in the gas
phase, thus, altering the I-V characteristics. After the switch off it preferably adsorbed
on colder surfaces like the edges of the Kapton spacer or the non-central region of the
electrodes. Thus, the central electrode regions are clean for the next ignition.

The microplasma cell was tested over 3 weeks to check its sealing properties. Leaks
would lead to a contamination of the gas atmosphere and alter the I-V characteris-
tics or even prevent the plasma ignition at voltages below 1kV. The electrical testing
showed no hints towards leaking and overall expected results, thus, the design and
assembly of the in situ microplasma cell seems promising.

7.4.4 Vacuum Testing

The second step of the testing procedure prior to TEM introduction was the ignition of
the microplasma cell in a low-pressure environment. The low-pressure plasma cham-
ber described and used in chapter 6 was equipped with an electrical feedthrough. The
microplasma cell was placed inside a glass dish and electrically contacted via two Cu
contact pads as shown in Fig. 7.16. SCP was used to glue the small wires onto the
contact pads. The contact pads are placed with a distance to each other, that no break-
down between them happens at atmospheric pressure and also under low-pressure
conditions. The glass dish ensured electrical isolation to the chamber to achieve the
same conditions present in the TEM. Outside of the chamber the same electrical cir-
cuit as before (see Fig. 3.1) was set up and connected to the cell via the electrical
feedthrough.

The microplasma cell was ignited for approx. 1s prior to reducing the chamber pres-
sure to check all electrical connections. The pressure was reduced to <1Pa and the
cell ignited again for approx. 1s. The cell was left in the low-pressure environment
for 60 min with a <1s ignition every 15min. Exemplary test data of a single cell is
shown in the appendix B. A leak would result in a pressure reduction inside of the
microplasma cell, and, thus, alter the I-V characteristics or prevent an ignition, if the
pressure is too low according to the Paschen law (cf. section 2.2.2).

The pressure inside of the TEM is with 1 x 107> Pa five orders of magnitude lower
compared to the pressure inside of the test chamber. Still, pressures <1Pa are suffi-
cient, as already a pressure gradient of five orders of magnitude is present. Thus, the
force changes on the TEM windows would be in the fifth decimal place and below if
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FIGURE 7.17: The applied voltage (source), the voltage present at the

electrodes (cell), and the current through the microplasma (cell, red,

right y-axis) over time of an in situ microplasma cell for the first ignition
a) or the second ignition b).

the additional five orders of magnitude of pressure were present.

After the low-pressure ignitions, the chamber is slowly ventilated to avoid fast pres-
sure, and, thus, force changes onto the TEM windows. If all tests were successful, the
microplasma cell was fitted into and connected to the adapter chip. If also an ignition
in the TEM holder was possible, the microplasma cell was ready for TEM integration.

7.4.5 State of the Art

Multiple 4 mm in situ microplasma cells were successfully introduced into the TEM,
but no microplasma could be ignited till today. TEM images of these experiments are
shown and discussed in chapter 8. Here, the reasons and proposed solutions for the
until today unsuccessful proof of principle will be discussed.

The previously introduced testing procedure prior to TEM integration fully relies onto
electrical measurements, which are convenient, as they are easy to apply, seemingly
reliable, and also available if the cell is inside of the TEM. The plasma-typical I-V
characteristics should only be measured if everything works out, as every leak, short-
circuit, or not connected wire should result in completely different I-V characteristics.
Thus, they were not questioned until an damaged cell was introduced into the TEM.
The membranes were obviously damaged and could not hold a He atmosphere. Still,
the I-V characteristics looked fine, similar to the ones shown in Fig. 7.15.

A closer look at electrical measurements, especially the ignition phase, of such a cell
is given in Fig. 7.17. For the first ignition shown in Fig. 7.17a, the expected behavior is
visible. The external applied voltage (source) increases in the same way as the voltage
at the electrodes (cell, blue) and no current is measured (cell, red) until a breakdown
event (at approx. 4 ms) is observable. After the breakdown, current is flowing through
the cell which slowly ramps up similarly to the external applied voltage. The voltage
at the electrodes stays constant.

For the second ignition shown in Fig. 7.17b, however, a different behavior is visible.
No breakdown event is observable, instead a steady ramp up in the measured elec-
trode voltage is found with a difference to the external applied voltage starting at
approx. 0ms and 150 V. Further, the current is also increasing slowly and does not
start flowing instantly, as one would expect from a gas breakdown. Significant cur-
rent starts to flow at the same time the measured voltages start to differ, thus, at a
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FIGURE 7.18: Three quarter section view of the designed 4 mm in situ
microplasma cell to illustrate the current path through the avalanche
diode. 1) Incoming current via the wire, breakthrough of the 35nm
SiNy insulation layer to enter the doped Si wafer. 2) Direct contact to the
aluminum cell housing. 3) In the closed state a direct contact between
the shells is present. 4) Again, a direct contact between the aluminum
cell and the doped Si wafer is present. 5) Breakthrough of the second
isolating SiNy layer to establish contact to the second electrode, and,
thus leave the cell via the second wire.

voltage of approx. 150V, which is way below the breakdown voltage predicted by the
Paschen law and determined experimentally in the ex situ studies.

The detailed investigation of the I-V characteristics led to the conclusion that instead of
a microplasma cell an avalanche diode [348, 349] was built. An avalanche breakdown
can occur in (doped) Si [350] as free charge carriers, electrons and holes, are present at
room temperature. The free charge carriers can get accelerated by an external applied
electric field to energies that are high enough to knock out bound electrons, creating a
new pair of charge carriers, similar to the a-process described in section 2.2.1. The I-V
characteristics are therefore similar to the I-V characteristics of a DC plasma, since the
physical processes, simply speaking, are similar to each other, just once in the solid
phase and once in the gas phase. The fact that the breakdown voltage, the voltage at
the electrodes during operation, and the current through the cell was close to the ex
situ measured values for the given assembly of the avalanche diode complicated the
understanding that electrical measurements alone are not enough to test the in situ
microplasma cells.

The breakdown event observable during the first "ignition" of the microplasma cell is
explained by the assumed current pathway through the cell illustrated in Fig. 7.18.
The external voltage is applied via the two wires creating an electric potential differ-
ence between the Au coated electrodes. This potential difference should result in gas
breakdown inside of the cell, allowing the current to flow through the created plasma
from one electrode to the other. But, instead of the gas breakdown, the 35 nm thin iso-
lating SiNy films break down allowing the charge carriers to enter the doped Si base
of the TEM grids. The electrons enter the cell through the first wire and breakthrough
the SiN, film to enter the doped Si (1) in Fig. 7.18. A direct contact to the aluminum
shell is present (2) as all parts are stacked tightly and the electrode stack is centered
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by the shell. In the closed state both shells are connected (3), thus, the shells enable
a contact between both TEM grids (4). The second SiNy film breaks down and the
electrons leave the cell via the second wire (5). The electrical circuit of the avalanche
diode is complete. The cell is non-conductive with no external voltage, as it is the case
for two parallel plate electrodes in a microplasma setup. Thus, checking the cells for
short circuits did not reveal problems.

The necessary breakdowns of the SiNy films to enable the current flow explain the
breakdown event during the first "ignition" of the cell. Once the isolation is broken,
the I-V characteristics fit to an avalanche diode with a smooth transition into the con-
stant operation voltage as shown in Fig. 7.17b.

A thicker SiNy film on the TEM grid could resolve this issue, but deteriorate the TEM
imaging quality. Further, it is unclear how thick the film has to be and how defects
within the thin film would influence the isolation properties. Therefore, the current
pathway has to be interrupted differently.

The development of a process to apply a uniform isolation layer on the sides of the
TEM grids without damaging or coating the window in the center was too challenging
in the limited time left within the project. Instead, it was tried to isolate the inner parts
of the shells via an SiOy coating applied by a PECVD process, anodizing the shells,
or an isolating silicone resin conformal coating aerosol (Red Conformal Coating, RS
Pro [351]). None of these approaches worked, as the TEM grids are sharp-edged and
scratched through the insulating film when inserted into the shell. Optimization of
the PECVD process might result in a working coating, but was beyond the scope of
the current work. Instead, options were explored to manufacture the shells from a
ceramic material.

7.5 Ceramic Cell

The design of the ceramic cell is essentially identical with the 4 mm design introduced
in the previous section. Additive manufacturing is used to 3D print the shells from
Al,O3 (FormAlox 998) in cooperation with an external company (Steinbach AG [352]).
The dimensions of the shells had to be slightly altered to be printable with existing
ceramic 3D printing devices. Further, the shrinkage of the printed parts had to be
accounted. The iterative process of altering the dimensions, print prototypes, and
measurement of the real dimensions of the printed part is still ongoing. In addition to
measuring the dimensions, promising prototype shells are also tested via an assembly
of a in situ microplasma cell. This extra step prolongs the iteration time, but ensures
to find the right dimensions for future cell assemblies. The latest technical drawings
of the ceramic cell are given in the appendix A.

Fig. 7.19 shows long distance microscope images of the most recent prototype. The
3D printed ceramic shells are placed on mm paper in Fig. 7.19 a). The outer diameters
are slightly larger than the 4 mm, or 5mm for the long side of the elliptical mounting
mechanism, respectively, initially aimed for. The conduit slit size had to be increased
to be printable, as the minimal dimension of the ceramic 3D printer is limited to about
20 pm to 30 um. Further, the interconnecting cell walls, especially the outer wall, are
fringing and do not reach the designed height. The fringing is a result of tapering these
walls to increase the thickness at the base and, thus, ensure that the walls are formed
by the 3D printer. First prototypes were printed without the tapering using the dimen-
sions of the 4 mm cell resulting in missing walls at the location of the thinned wall for
the rotation prevention in the bottom shell. Therefore, the tapering was intended to
resolve this issue while keeping the rotation prevention. But the rotation prevention is
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FIGURE 7.19: Long distance microscope images of the current ceramic

cell design. a) The 3D printed ceramic shells on mm paper. b) The

bottom electrode and both Kapton spacers stacked into the bottom cell
prepared for gluing. c) Glued ceramic in situ microplasma cell.

not functional anymore, probably as a result of the tapered and fringed walls. The next
iteration, and, thus, the latest technical drawings given in the appendix, renounces the
tapered walls and realizes the rotation prevention via small noses surpassing the inner
walls and fitting recesses in the outer walls.

Despite the slightly too large outer dimensions, the shells could be clamped in the
centering tool and a complete assembly was performed. Fig. 7.19b) shows the bottom
ceramic shell prior to the epoxy application. The O-ring, bottom electrode, and both
Kapton spacers could successfully stacked inside. A closer look reveals the inner di-
ameter being slightly too large as the parts are not perfectly centered above each other.
At the bottom left edge, a region of the TEM grid not covered by the Kapton spacers
is visible. Further, a slight misalignment in the central holes of the Kapton spacers is
visible. For the next iteration, the inner diameter was chosen slightly smaller.

The result of the assembly process is shown in Fig. 7.19 ¢). During the closing of the
centering tool cracking noises could be heard, probably as a result of the fringing wall
partly cracking. Increasing the wall strength in the upper regions by the removal of
the tapering hopefully prevents potential cracking in the next iteration. No hints to-
wards cracking could be observed, as the epoxy covers most of the outer walls. For
this prototype a large amount of epoxy was applied to ensure proper sealing despite
the larger conduits and the not perfectly fitting, fringing walls.

Unfortunately, no microplasma ignition was possible with the prototype, instead the
same avalanche diode behavior described in section 7.4.5 was found. The first break-
down happened at approx. —800 V! and no further breakdown events were measured
in subsequent "ignitions", as it can be seen in the appendix B. It is assumed, that the
ceramic cell was leaking, as the He microplasma could usually be reliably ignited at
voltages in the range of 600V to 700 V. Further, the educated guess is made, that the
small misalignment in the electrode stack resulted in a direct contact of the SiNy films
of the upper and lower TEM grid at the edges. Therefore, the diode circuit was closed
by electrons breaking through the first SiN, film below the Au coating entering the
doped Si. At the edge with the direct contact, the electrons had to break through two
SiNy films to enter the doped Si of the second TEM grid, followed by another SiNy
film breakthrough to reach the second Au coating. Overall, four instead of two SiNy
films had to breakdown to close the diode circuit, explaining the roughly twice as high
breakdown voltage for the first breakdown.

A better alignment and, thus, centering, of the electrode stack components should
resolve this issue. Further, microplasma ignition should be possible with voltages be-
low the breakdown voltage of the four SiNj films, if a pure He atmosphere is achieved.

IThe polarity switch does not matter in the current context (cf. chapter 4) and will be explained in
chapter 8.
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Thus, successful sealing is the major problem which will be tackled with the next pro-
totypes.
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Chapter 8

In situ Microplasma Cell TEM
Imaging

The proof of principle experiment of successfully igniting a microplasma inside of the
TEM to observe the plasma-induced surface modifications could not be performed
yet, as already spoiled in the previous chapter. The unforeseen and hard to identify
problems with the aluminum shell-based cells prevented the microplasma ignition.
Still, some aluminum-based 4 mm in situ microplasma cells have been introduced into
the TEM to check the image quality, the sealing properties, and proof the overall com-
patibility of the cell design with the TEM.

8.1 Mounting of the Cell into the Custom Holder

The cell is placed in an elliptical hole of the adapter chip. The ellipse has a major axis
(perpendicular to the insertion direction of the holder) of 4.6 mm and a minor axis
(parallel to the insertion direction of the holder) of 4.1 mm. The extra space along the
major axis is intended for the wires. Thus, the cell is placed in the hole with the cables
along the major axis.

The slight extra space along the minor axis should prevent canting during the insertion
of the cell. If excess epoxy enlarges the diameter of the cell and cannot be removed
due to the risk of damaging the cell, the hole in the adapter chip can be enlarged by
carefully filing it out. The contact lines on top of the adapter chip should not touch the
edges of the hole after the filing, which limits the maximum enlargement of the hole.
After the cell is placed in the hole it has to be grounded either by contact pressure of
the surrounding adapter chip, if the cell fits exactly the hole, or by, e.g., SCP, which also
electrically connects the shells to the ground contact to avoid charging of the shells due
to the electron beam of the TEM. The wires of the cell are connected to the contact lines
on top of the adapter chip via SCP. Afterwards, the adapter chip is mounted into the
custom TEM holder and it has to be double checked, that the cell stayed in place and
that the wires neither contact the metallic parts of the holder, nor surpass the height
of the cell. Otherwise, short circuits or touching of the TEM optics could be possible.
Fig. 8.1a) shows the 4mm in situ microplasma cell mounted into the custom TEM
holder. The cell was placed in the hole of the adapter chip with its major axis of the
elliptical top shell in the insertion direction of the TEM holder as described before. The
wires leave the cell perpendicular to the insertion direction of the TEM holder and are
connected to the contact pads of the adapter chip via SCP. The large contact pad is
grounded to derive the current of the TEM electron beam and, thus, avoid charging of
the adapter chip. The microplasma cell is also connected to the grounded contact pad
via SCP for the same reason and to be mechanically fixed to the chip. This charging
current is assumed to be small compared to the plasma current, but could influence
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FIGURE 8.1: a) Top view of the in situ microplasma cell connected to the
adapter chip and mounted into the custom TEM holder. b) Side view
of the custom TEM holder with the mounted in situ microplasma cell.

the plasma current measurements. Thus, the current has to be monitored also while
the plasma is switched off, to measure a possibly occurring current offset.

The side view of the mounted cell is shown in Fig. 8.1b). The mounting device of
the adapter chip is slightly off center in height of the holder by design, to center the
microplasma cell between the pole pieces. Further, Fig. 8.1b) shows, that the total
height of the assembly inserted into the TEM column is not only given by the height
of the microplasma cell. The mounting device of the adapter chip adds height at the
bottom to the total assembly. Still, the total height is below 3 mm and, thus, should be
easily fit between the pole pieces and even allow tilting of the holder.

8.2 Image Quality and Accessible Imaging Modes

The first proof of principle experiments reported on a sub-100nm spatial resolution
using the TEM bright field imaging mode [62]. Their supplementary material shows
that the images were recorded during operation of the microplasma. Therefore, a di-
rect comparison is not appropriate, as the influence of the microplasma itself is missing
in the images of the cell presented here in this work.

Furthermore, without a successful microplasma ignition inside of the TEM, the pres-
ence of the He atmosphere, and therefore, successful sealing, is not trivial to proof.
The exception is when the sealing of the cell fails or a TEM window raptures inside
of the TEM and the pressure gradient is measurable. For this reason, it will be stated,
whether the measurements were performed on a cell with a guaranteed He atmo-
sphere, despite the fact, that the He atmosphere is not the most critical parameter in
terms of image quality (cf. section 3.2.1).

The measurements were performed using the JEOL JEM-2100 equipped with an Ox-
ford Instruments EDX detector. More details regarding the image conditions and TEM
parameters are given in the thesis of Niklas Kohlmann [236].

8.2.1 Bright Field Imaging

Bright field images of two different in situ microplasma cells are shown in Fig. 8.2.
The cell used for Fig. 8.2 a)-c) was filled with a He atmosphere. For the cell used for
Fig. 8.2d)-f), the He atmosphere could not be guaranteed, as it did not rapture within
the TEM. The brighter, more intense spot in the center of Fig. 8.2d) could indicate
only one TEM window (SiNy aperture) in the center was intact and the second one
was damaged. On the other hand, the intensity profile does not look purely limited
onto the middle aperture and this intensity gradient was not visible for all imaging
conditions. Thus, the intensity gradient could also be a result of a not further investi-
gated focusing effect caused by an interaction of the TEM electron beam and the shells
of the cell.
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FIGURE 8.2: Different TEM bright field images partly overshadowed

by diffraction patterns (a), f)) of two in situ microplasma cells. In a)-c)

images of a He filled cell is shown. For the cell used for the images d)-f)
the He atmosphere is expected, but could not be guaranteed.

Fig. 8.2 a) shows a mixed bright field, diffraction pattern image. The electrodes of the
microplasma cell are far enough apart that one creates the bright field image and the
other one the diffraction patterns. The practical use of these kind of images is limited,
as better resolution and signal to noise levels are achieved by focusing onto one of the
electrodes and deciding for one imaging mode. Nevertheless, it nicely shows effects
caused by imaging through two TEM grids and once again proofs the electron beam
transmits both electrodes.

The bright field image shows the edge of a single aperture window. The darker region
corresponds to the frame structure, while the brighter area towards the top represents
the free standing 35nm SiN film. Of course, the 1nm Ti, 50nm Au film is present
in both regions on both TEM grids. The concentric ring structure of the diffraction
pattern results from the polycrystalline Au film and was expected from the ex situ ob-
tained results. A comparison to the ex situ results is given in the next section.

A second example of effects caused by imaging through two TEM windows is shown
in Fig. 8.2b). The brightest quadrant on the left corresponds to an area where the TEM
electron beam passes through two 35 nm SiNy apertures. In the quadrants towards the
top and the bottom, the TEM electron beam passes through one 35nm SiNy aperture
and through the frame structure on the other TEM grid. The dark quadrant on the
right represents the intensity after passing through the frame structure of both TEM
grids. Again, in all regions, the Ti/ Au films are also present.

Fig. 8.2 c) demonstrates the image quality achieved by focusing onto one of the elec-
trodes and imaging through two 35nm SiNy apertures. The Au grains are visible and
features with spatial dimensions in the range of approx. 30 nm can be identified. From
the ex situ experiments it is known, that the grain size will increase due to the plasma
treatment (cf. chapter 5). The capability of resolving the grains prior to plasma treat-
ment raises expectations to image the grain growths in real time.

The already addressed image of the second cell introduced into the TEM is shown in
Fig. 8.2d) and illustrates the centering of the electrodes above each other. The little
nib of the frame structure is a marker for the central aperture, thus, the TEM grids are
nearly perfectly centered. The asymmetric shell design with the intention of stacking
all components into the bottom shell as explained in section 7.4, seems to work well.
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FIGURE 8.3: Comparison of the achieved resolution at the entrance (a)
and exit (b) window of the in situ microplasma cell. Please note, that no
He atmosphere was present inside of the cell.

Further, some bending of one of the central apertures is visible, which indicates stress
in the thin film. The internal stress is either probably originating from the Ti/Au de-
position process or the stress caused by the pressure gradient. If the origin is internal
stress, the deposition process should be refined or the coated TEM grids should be
annealed in the future, to reduce the risk of aperture rapture.

Fig. 8.2 e) and f) are again examples of the achievable image quality. Fig. 8.2 e) shows
the edge of one of the frames used to focus the image. Again, the Au grains are visi-
ble in both pictures. Especially, in some regions of Fig. 8.2f), the roughly 30 nm large
structures can be visualized with an increased contrast compared to Fig. 8.2¢c). The
ring structure in the intensity in Fig. 8.2 f) is a result of the diffraction on the other elec-
trode. The image quality is therefore heavily influenced by the transmission through
two Au/Ti thin films and could be improved by small holes in one of the electrode
films similar to the holes used during the first proof of principle experiments [62].
Another important aspect to achieve the best possible imaging quality is the choice of
focusing onto the right electrode. In the field of environmental or in situ TEM, usually
one differentiates between the entrance and the exit window [305, 306]. The entrance
window is passed first by the TEM electron beam and the exit window is passed sec-
ond. For a TEM operating in the bright field imaging mode, the best image quality
should be achieved by focusing on the exit window [353]. Fig. 8.3 compares images
taken while focusing on the entrance (a) or exit (b) window of an in situ microplasma
cell without He atmosphere. The image quality obtained at the exit window is indeed
better. Therefore, the electrode of interest should be the on at the exit window. In most
cases this is the cathode, as it receives a higher energy flux which results in larger sur-
face modifications (cf. chapter 4 and 5). The switchable polarity of the setup enables
free choice whether the exit window is used as anode or cathode.

8.2.2 Selected Area Electron Diffraction (SAED)

Diffraction pattern obtained from the microplasma cell electrodes were already shown
overshadowed by or overshadowing a bright field image. Half of a pure SAED image
is shown in Fig. 8.4a) and compared to the SAED pattern of a single electrode. The
signal to noise ratio of the cells pattern is more blurred compared to a single electrode,
which was expected as electrons are also scattered by the second electrode and the He
atmosphere. Inelastic scattering events result in an overall decreased intensity, which
can be resolved by longer exposure times. Elastic scattering on the other hand, in-
creases the background noise and broadens the circular patterns, which becomes more
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FIGURE 8.5: Comparison of EDX spectra obtained either measuring an
He filled in situ microplasma cell or a single electrode.

obvious when building the rotational averages shown in Fig. 8.4b). The upper graph
compares the obtained data, while the background of the cell data was subtracted in
the bottom graph. Therefore, the decreased signal to noise ratio is visualized in the
upper graph and the broadening of the peaks, also due to the elastic scattering events,
is demonstrated by the bottom graph. Still, it is possible to obtain SAED pattern with
the in situ microplasma cell and the plasma-induced increasing texture of the electrode
film (cf. chapter 5) should be observable.

8.2.3 Energy Dispersive X-ray Spectroscopy (EDX)

Access of the chemical elements present in the in situ microplasma cell would be a
huge benefit for future applications to investigate, e.g., plasma catalytic processes,
thin film growth or plasma etching processes. This access could be granted in the
TEM by EDX spectroscopy, if the generated X-rays can leave through the small center
hole of the cell and reach the detector.

Fig. 8.5 shows an EDX spectrum obtained using a He filled in situ microplasma cell
and compares it to an EDX spectrum of a single electrode. The used microplasma cell
during these measurements was slightly modified by placing a piece of Kapton adhe-
sive tape, followed by a piece of conductive metal tape on top of the cell. The Kapton
tape should serve as an isolation layer between the conductive metal tape and the cell.
The metal tape was grounded via the TEM holder. The idea behind these modifica-
tions was to obtain electrically floating cell shells to prevent breakdown between the



140 Chapter 8. In situ Microplasma Cell TEM Imaging

high voltage wire and the grounded cell shells. The conductive metal tape should
prevent any charging of the cell caused by the TEM electron beam. Of course, a hole
was stamped into the adhesive tapes to enable the electron beam transmission. Even
though the adhesive tape modification did not alter the image quality, it influenced
the EDX spectrum shown in Fig. 8.5.

Firstly, both spectra were normalized to the Au-L{3-peak for a better comparison. Fur-
ther, both spectra were obtained without tilting the sample. The integration time had
to be chosen significantly longer for the microplasma cell, still, the absolute count
numbers obtained using only a single electrode are larger. This was expected, as the
small and deep holes for TEM electron beam transmission in the cell shells strictly
limit the angular window for the created X-rays to leave the cell.

The elements corresponding to the EDX peaks of the cell spectrum are C, Al, Ti, Fe,
Co, Cu and Au from different excitation energies. Au should origin from the electrode
thin film. For Ti, the origin could be the same, but the signal seems quite strong for a
1nm layer. Thus, a different source for the Ti signal is more probable.

The Al signal originates from the cell shells and was therefore expected. Al, or more
specific 6061 aluminum alloy, contains next to Al the following constituent elements
with below 1.2 % (by weight): Mg, Si, Fe, Cu, Cr, Zn, Ti and Mn [354]. Theoretically,
the Ti signal, as well as Fe and Cu could originate from the shells, but with the other
elements missing in the spectrum, the admixture seems to be too small to show up.
Therefore, it is assumed, that the Ti, Fe, Co, Cu signals originate from the conductive
tape on top of the shell. Unfortunately, no further information regarding the conduc-
tive tape is available, therefore an EDX scan of the solely conductive tape in the future
would be necessary to answer the origin of the signal with certainty.

The C peak probably originates from the Kapton tape used as isolation layer, which
was not perfectly covered by the conductive tape.

The single electrode spectrum only shows expected elements: Si from the TEM grid
and Au from the electrode. It is noticeable that different Au excitation states dominate
the spectrum compared to the cell spectrum. In the cell spectrum the lowest energy
state (Au-M) is missing and the second lowest (Au-L3) only slightly pronounced. The
relative intensity of the highest energy excitation state (Au-Ly) is significantly larger
compared to the electrode signal. These differences probably are the result of two ef-
fects. First, higher energy X-rays have larger mean free path lengths [302, 309], thus,
less interaction with the cell shells are expected. Second, no elements with transition
energies close to the Au-LB- and Au-Ly-transitions are present in the shell material.
The same two effects are probably also responsible for the missing Si peak in the cell
spectrum.

The current in situ microplasma cell design in principle allows EDX analysis, but has
a few drawbacks. The signals from the cell shells are significantly larger compared
to the signal generated from the actual sample. Further, low energy X-rays generated
from the sample are absorbed and do not reach the detector. Therefore, an upgraded
version of the cell design could try to include a free line of sight to the EDX detector.
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Chapter 9

Summary and Outlook

The present thesis was dedicated to the development of a microplasma discharge
suitable for TEM integration. The combination of microplasma and TEM imaging
promises to visualize plasma surface processes with spatial resolution in the nm range
in real time. A proof of principle experiment in the past showed basic possibility of in-
troducing a microplasma into a TEM [62], but could not be reproduced or extend until
today. Successfully introducing a microplasma into a TEM is linked to high technical
requirements, mainly given by the very limited space in the TEM combined with the
necessity of the microplasma being electron transparent.

The first step was to design a stable atmospheric pressure DC normal glow micro-
plasma discharge and extensively analyze it using several conventional and non-con-
ventional plasma diagnostics. The second step was to investigate its interaction with
the electrode surface, especially with TEM electron beam transparent electrodes, to
set a kind of benchmark for the in situ experiments. Simultaneously, a vacuum-proof
housing for the microplasma was designed and a plasma etch process for t-ZnO was
developed, as these highly porous materials are of great interest and showed signifi-
cant structural changes that are probably well observable in situ.

These different steps will be summarized in more detail, followed by a conclusion
concerning the whole project before an outlook on still pending experiments and pos-
sibilities for adaptations of the current in situ microplasma cell is given.

Stability was a major concern during the design of the microplasma, as the electrodes
had to be sufficiently thin to be TEM electron beam transparent. Therefore, a DC nor-
mal glow discharge was aimed for, as any kind of arcing or other instabilities could
break the thin electrodes. These instabilities are most probable to appear during the
breakdown process, thus, pulsed or high-frequency discharges were excluded for the
first proof of principle experiments. These kinds of discharges could further result in
high electromagnetic noise, which would surely disturb the TEM optics. Electrical and
optical diagnostics have been applied to proof operation in the normal glow regime
and ensure the stability of the discharge.

The I-V characteristics showed glow-like behavior as soon as a minimum current of
approx. £0.8mA was surpassed. The voltage at the electrodes was nearly constant
in the range of £190V to 200V using Ar as working gas, or £130V to 170V for He,
respectively, if Au, Cu, or ITO was used as electrode material. For Mg the voltage was
in the range of £80V to 100V and only operation utilizing He as working gas was
possible. Also, the electrode distance showed differences in the voltage measured at
the electrode. For He as working gas, a significant increase in electrode voltage with
increasing electrode distance was measured. Therefore, changes in electrode distance
of the in situ microplasma cell due to bending of the electrodes caused by the pressure
gradient could be determined by the electrical measurements.

Optical diagnostics confirmed the glow-like behavior. Optical emission spectroscopy
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revealed broadened Ar I, or He I, respectively, lines with temporal constant inten-
sities. Further, O I and Au I lines were found, indicating a strong plasma surface
interaction, as these excited atoms had to origin from the electrode surface. Spatially
resolved optical imaging parallel to the discharge channel through transparent ITO
coated electrodes enabled to determine the area of the discharge footprints. In combi-
nation with the electrical diagnostics, the current densities could be calculated, which
where constant with increasing currents, again, a strong indicator of a normal glow
discharge. Side view imaging of the discharge allowed an approximate determination
of the sheath thickness, which correlated well with the sheath thickness calculated by
the collision-dominated Child-Langmuir law.

Non-conventional calorimetric diagnostics were applied to investigate the plasma sur-
face interaction in more detail. The energy flux from the plasma to the electrodes was
measured utilizing two PTPs as electrodes. The measurements revealed an asymmet-
ric, cathode-favored energy flux probably caused by ions. Furthermore, the measured
power transfer to the cathode was not constant in time due different contributions
to the measured integral energy flux changing over time. The determined energy
flux values were in the range of 10 W cm 2 to 30 W cm 2 if normalized to the full ac-
cessible electrode area or up to 275W cm ™2 if normalized to the actually measured
discharge area. The quite large energy fluxes, compared to other atmospheric pres-
sure discharges, should result in observable surface modifications. The efficiency for
surface modifications with the presented discharge was found in the range of 70 %
to 90 %, only depending on the electrode distance, as power losses are mainly due to
radiation leaving the discharge volume through the Kapton spacer. Furthermore, the
combination of the addressed diagnostics allowed the determination of effective SEE
coefficients under atmospheric pressure conditions. These were with 1.1 to 1.6 signif-
icantly larger than their purely ion-induced counterparts or values determined under
low-pressure conditions, as non-ionic species and radiation play a crucial role for the
generation of secondary electrons.

The measured integral energy fluxes were connected with the surface modifications
of polycrystalline Au thin films used as electrodes in the designed microplasma dis-
charge. An ex situ experiment was set up, imitating the actual in situ microplasma cell,
only missing the vacuum encapsulation, to verify the electrode stability and bench-
mark the surface modifications for in situ measurements. Therefore, SiNy based TEM
grids were coated with 50 nm Au and plasma treated with Ar or He as working gas.
The observed surface modifications were correlated with the measured energy fluxes
and confirmed expectations given by structure zone diagrams [225] that a higher en-
ergy flux results in more textured films with larger crystal grains. The modified Au
thin films showed significantly different changes, depending on the working gas and
whether they had been used as anode or cathode. Correlating the surface modifica-
tions with the measured integral energy flux showed the importance of the different
contributions to the integral energy flux. The ion component was identified as the
most important component in regards to surface modifications. Under the assump-
tion, that the ion contribution is mainly responsible for the difference in energy flux
towards the anode or cathode, the ion contribution can be directly calculated. It is
significantly larger using Ar as working gas compared to He, as He tends to form
metastables and therefore input power is rather used for the production of metasta-
bles.

Furthermore, the power transfer mechanism to the cathode also was found to be dif-
ferent depending on the working gas. Utilizing Ar as working gas results in the main
power transfer being given by the kinetic energy of Ar ions and fast neutrals, despite
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their low individual kinetic energy due to the large number of collisions. Therefore,
the power is transferred in many small doses, resulting in a more uniform surface
modification. For He as working gas, the main power transfer mechanism was found
to be the recombination on the cathode surface. Thus, the power is transferred in
fewer, but larger doses, resulting in a less uniform surface modification.

The less uniform surface modification was visible in the TEM imaging represented by
local thinning of the Au thin film. If a He ion recombines on the surface, the recom-
bination energy results in localized heating of the thin film and surface desorption
of Au atoms is strongly enhanced, resulting in desorption hot spots, creating the ob-
served localized thinning of the Au film. The desorption processes were accounted
for in a postulated energy balance at the cathode and fit well to the measured values,
demonstrating the plausibility of the suggested desorption hot spots as a result of the
different power transfer mechanisms.

Observing the modification of the Au electrodes inside of the TEM would be the most
simple case for the intended proof of principle in situ experiments. But for application
of the in situ microplasma cell afterwards it could be filled with materials of today’s re-
search and observe structural changes caused by plasma treatment. T-ZnO was chosen
as model material, as it has multiple applications and can be modified by plasma pro-
cessing. A plasma etch process was developed to produce novel ZnO nano-on-micro
structure, also called nanobrushes, by etching t-ZnO in an Hy-CoH; low-pressure CCP
plasma. The etch process resulted in strong structural changes of the t-ZnO well ob-
servable in the TEM and, thus, well-suited for in situ observations.

But also without the context of the in situ microplasma cell, the created t-ZnO nano-
brushes are of great interest, as they have high surface-to-volume ratios. The created
nano-on-micro t-ZnO structures were used as highly sensitive and fast H, gas sensors.
The gas response, as well as the recovery and response times, are greatly enhanced
compared towards pristine t-ZnO nano structures. The self-patterning, single step
etching process also allows control over the achieved nanowire length and, therefore,
the nanobrushes can be tuned towards different applications. In the near future, these
t-ZnO nanobrushes could be used as foundation for the production of so-called aero-
materials [355, 356] instead of pristine t-Zno to increase the porosity and enhance the
available surface area.

The production of larger quantities of the t-ZnO nanobrushes is closely connected to
the more fundamental question of plasma permeability of highly porous framework
materials. Regardless of whether it is a plasma etching process or more generalized
a plasma surface interaction effect as, e.g., during plasma catalysis, it is important to
know how deep plasma can penetrate into such highly porous structures. Knowledge
about the penetration depth allows to optimize the thickness of the highly porous ma-
terial in a way to achieve the largest plasma touching surface area.

A novel method was developed to determine the penetration depth of plasma species
through highly porous ceramic framework materials using polymers as marker ma-
terials. The polymer EPDM was placed in a low-pressure oxygen CCP discharge un-
derneath porous t-ZnO framework materials with different mass densities and thick-
nesses. The surface activation of the polymer by plasma species permeating through
the framework material was measured via WCA and XPS analysis.

The XPS analysis showed that plasma created oxygen ions and/or radicals modify the
covered polymer. The O/C ratio increased from 11 % to 26 % due to the plasma treat-
ment, despite the fact, that the polymer was covered by a 1.6 mm t-ZnO framework
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material. For a mass density of 0.3gcm ™3, 1.6mm was also found to be the maxi-
mum penetration depth, if the polymer was placed directly on the CCP electrode in
a stainless-steel holder. Using a Teflon holder instead resulted in a larger penetration
depth from up to 4 mm. If the samples were placed in the plasma bulk instead of the
sheath region on top of the electrode, smaller treatment effects were observed. In com-
bination with the holder material playing a significant role for the penetration depth,
the conclusion was made, that ions are the plasma species mainly permeating through
the highly porous ceramic framework material.

The TEM electron beam transparent microplasma was successfully tested and char-
acterized using various conventional and non-conventional diagnostics. The surface
modifications of the TEM electron beam transparent Au electrodes were studied ex
situ and even a plasma etch process in principle suited to be investigated in situ was
developed. Only the assembly of the microplasma into the vacuum-encapsulation is
missing at this point, to fulfill all goals set within this project.

Two different designs for the in situ microplasma cell were developed differing in their
outer diameter. The smaller one with an outer diameter of 3 mm promises more ver-
satile usage in nearly all TEMs if an electrical feedthrough holder is available, as TEM
substrates usually have an outer diameter of 3mm. But this is also a drawback, as
the TEM grids used as foundation for the electrodes of the microplasma have to be re-
duced in diameter from 3 mm to 2.3 mm. A solution for this non-trivial task was found
by the development of a chemical wet etching process. Still, the assembly of the 3 mm
cell is more difficult compared to the slightly larger 4 mm cell. With the acquisition of
a custom TEM holder capable of mounting a cell with 4 mm outer diameter the focus
was set onto the larger cell. However, the design of the 3mm cell was successfully
assembled and might be pursued further in the future.

Multiple prototypes of the 4 mm cell have been built and successfully introduced into
the TEM. The vacuum and general TEM compatibility of the design could be proofed
and first images, without microplasma ignition, were taken. Bright field imaging re-
vealed spatial resolution in the 30nm range. Effects of imaging through two elec-
trodes, or rather two Au/Ti thin films, were visible and were also the main reason
for the low spatial resolution. Broadened SEAD patterns could be visualized and also
EDX spectra could be taken. The quality of the EDX spectra is limited as the X-rays
from the electrodes are partly absorbed by the shells and additionally superimposed
by X-rays from the shells with significantly higher intensities compared to the elec-
trode signals. Overall, both TEM analysis techniques were successfully applied to the
in situ microplasma cell.

Unfortunately, no microplasma could be ignited, yet, most probably as a result of set-
ting up an avalanche diode by connecting both TEM grids used as electrodes via the
aluminum shell housing. Ceramic shells are in production via additive manufactur-
ing and should solve the current issues, finally enabling microplasma ignition inside
of the TEM.

The limited project duration does not allow to wait for the optimized ceramic shells
prior to finalizing the doctoral theses. Therefore, the aimed for proof of principle ex-
periments are missing in the doctoral theses, but will be performed as soon as the
additive manufacturing process has been optimized. The plans for a follow-up project
are already being developed. After the successful proof of principle experiments, one
can imagine countless applications for the developed in situ microplasma cell. Ob-
serving the surface modifications of the electrode material is just the first step. Filling
the cell with micro- or nanostructured materials such as the t-ZnO allows to observe
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plasma modifications of multiple materials in real time. The same could be possible
for plasma etching processes relevant for the MEMS industry. Furthermore, catalysts
could be observed during catalytic processes, revealing that structural changes of the
catalytic material in contact with plasma may be present. Even in the field of plasma
medicine observations of bacteria or viruses during their contact with the physical
plasma could help to understand the actual antibacterial and antiviral effects of the
plasma.

Some of these proposed experiments could directly be performed with the current de-
sign of the in situ microplasma cell. For other experiments, the cell should be adapted
to better fulfill the needs of the respective goal of the experiment. A major improve-
ment would be the introduction of small "windows" into the metallic electrode film,
similarly to the first proof of principle experiments [62]. Small holes in the metallic
film would eliminate effects caused by imaging through two electrodes, and, thus,
would enable spatial resolution close to the obtained resolution in the ex situ exper-
iments. A lithographic process for the production of windowed Au electrodes was
already developed within the current project and is described in the thesis of Niklas
Kohlmann [236]. The usage of these windowed electrodes would enhance the resolu-
tion and allow a better focus on material treatment inside of the cell.

Shifting the research focus towards material treatment inside of the microplasma cell
and away from the electrode material modification would also require a more stable
electrode material to avoid electrode degradation prior to plasma modifications of the
material of interest. TiN as conductive ceramic was investigated with the result of it
being more stable compared to the Au thin films [327] and could replace these in the
future.

Another approach to connect the in situ microplasma cell closer to various applications
would be to change the plasma generation mechanism from a DC plasma to either a
pulsed plasma or an AC plasma. Both, pulsed and AC plasma, would allow to modify
the microplasma geometry to a dielectric barrier discharge to mimic most microplas-
mas used under atmospheric pressure conditions for catalysis or surface activation.
Furthermore, operation using ns pulses could be used for a stroboscopic method, re-
sulting in an in operando approach, avoiding interference between the plasma and the
TEM optics, while drastically improving the temporal resolution.

Of course there are many more ideas to improve or apply the in situ microplasma
cell, but first the proof of principle experiments in the most basic version of the cell
have to be done. Within this thesis it was not possible to ignite the microplasma inside
of the TEM, but all the necessary foundations to do so were obtained.

A microplasma geometry suited for the TEM integration was designed and exten-
sively diagnosed to ensure its stability. The plasma diagnostics have been connected
with investigations on the surface modifications to reveal more insight on the fun-
damentals of the power transfer mechanisms from the plasma to the surface under
atmospheric pressure conditions. The microplasma geometry was successfully assem-
bled in a vacuum-proof housing, completing the in situ microplasma cell. The cell was
successfully introduced into the TEM and it could be proofed, that bright field imag-
ing with a resolution of approx. 30nm, as well as SAED and EDX measurements are
possible.
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Appendix A

Technical Drawings

The technical drawings of the shells for the different in situ microplasma cells are given
on the following pages. The respective computer-aided design (CAD) files can be
found in the Autodesk Inventor Vault of the Plasma Technology Group and may be
shared upon reasonable request.
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Appendix B

Additional Electrical Data from in
situ Cell Testing

B.1 Vacuum Testing

Exemplary electrical data of a 4mm in situ microplasma cell is presented in Fig. B.1
to demonstrate not changing currents and electrode voltages despite being placed in
a low-pressure environment. Strong current fluctuations are visible during the be-
ginning of the first ignition, but stabilize and do not appear again in the following
ignitions.

B.2 Ceramic Cell Testing
Fig. B.2 shows the voltages and currents of the ceramic cell during the first and sec-

ond "ignition". As explained in the main text, a "plasma-like" breakdown only occurs
during the first "ignition".
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FIGURE B.1: Voltages and currents of a 4mm in situ microplasma cell
placed inside of a vacuum chamber at different pressures and time
steps.
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FIGURE B.2: Voltages and currents of the ceramic cell to demonstrate
the avalanche diode like behavior with a higher breakdown voltage
compared to the cells assembled with aluminum shells.
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