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Abstract: The rapid advances in the field of cold plasma research led to the development of many
plasma jets for various purposes. The COST plasma jet was created to set a comparison standard
between different groups in Europe and the world. Its physical and chemical properties are well
studied, and diagnostics procedures are developed and benchmarked using this jet. In recent
years, it has been used for various research purposes. Here, we present a brief overview of the
reported applications of the COST plasma jet. Additionally, we discuss the chemistry of the
plasma-liquid systems with this plasma jet, and the properties that make it an indispensable
system for plasma research.
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1. Introduction

Among the various types of plasma, non-thermal (or ‘cold’) atmospheric pressure plasma
(CAP) is perhaps the most burgeoning field [1,2]. CAPs find their applications in biomedical,
chemical, environmental/energy and industrial research [1,3-5]. As a result of the extensive range of
applications, a plethora of plasma devices have been developed and reported in literature.

In turn, among the various types of plasma setups, atmospheric pressure plasma jets (APPJs)
are some of the most widely used devices due to their unique properties [6,7]. Operated at ambient
temperature and pressure, they enable direct treatment of temperature-sensitive substrates,
including biological targets (cells, tissues, agricultural materials, etc.). APPJs in many cases have a
minimised electrical impact during plasma treatment, while at the same time facilitating targeted
delivery of the biologically active reactive oxygen and nitrogen species (RONS) due to the flow of
gas. These RONS comprise long-lived ones (molecules and ions) and short-lived ones (radicals and
atoms), and define the potential of CAPs in (among others) biomedical applications [8,9].

APPJs are operated with a flow of feed gas between the electrodes. This flow of gas is
responsible for the term ‘jet’. The feed gas is usually an inert gas (e.g., Ar or He, pure or with added
molecular admixtures [10,11]), although in certain cases nitrogen or air is used [12]. The RONS are
created either inside the jet, or when the effluent of the jet interacts with the ambient atmosphere
[13]. Furthermore, APPJs can be discriminated based on the parameters of the discharge (pulsed or
continuous sinusoidal), frequency (e.g., kHz, MHz), and configuration of the electrodes, etc. The
electrode configuration allows distinguishing between the two types of APPJs: Parallel field and
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cross field APPJs. In the former, the applied electric field is parallel to the gas flow, and in the latter,
it is perpendicular [3,7,14].

Thus, there are numerous differences in properties and effects of CAP applications even within
the various APPJs. Despite being necessary for the field to progress, this variety of APPJs creates
difficulties in comparison between results, and in deconvolution of plasma effects.

To address these issues, within the European Cooperation for Science and Technology (COST)
action MP1101 ‘Biomedical Applications of Atmospheric Pressure Plasmas’ [15] the COST reference
Microplasma Jet was developed from its predecessor, the u-APP].

In short, the COST jet comprises two stainless steel electrodes of 30 mm length and 1 mm
width. Extensions allow the connection with the power supply, as shown in Figure 1. The distance
between the electrodes is 1 mm. The electrodes are sealed between quartz panes, thus forming a
discharge volume of 30 mm?®. Feed gas, typically a mixture of helium and a molecular admixture in
the percent range, is introduced into this electrode stack through the gas connector made from
ceramics. Gas flows in the range of 0.25 to several standard litres per min (slm) yield stable
operation. Molecular admixtures can range up to a few vol% depending on the type of admixture.
For the standard gas flow of 1 slm, an effluent velocity of about 15 m/s is obtained. The length of the
electrodes ensures that a plasma chemical equilibrium is established in the discharge region before
the feed gas leaves the plasma jet [16,17]. The evolution of the equilibrium throughout the complete
plasma channel can be investigated and surveyed for the COST jet due to the direct optical access
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Figure 1. The schematics (top) and a photograph (bottom) of the European Cooperation for Science
and Technology (COST) plasma jet.

We note that these parameters and design features are based on results from the thoroughly
investigated predecessor—the u-APP]. The configuration of that is very similar, allowing to assume
comparable results. The COST jet is operated with a capacitively coupled RF frequency of 13.56
MHz at ca. 1 W and a voltage of ca. 200-250 Vrus.

To ensure and control proper operation, two probes are integrated into the COST-jet design
directly connected to the electrodes. For current measurements, a precision resistor (Rr) is used.
Voltage measurements are realised by a pin probe (Cr) at the powered electrode. The combined
measurement of the current, voltage and phase allows the measurement of the power input into the
electrode stack. The latter together with the inductance Lr and the tunable capacitance Cr form a
part of a resonance circuit that allows the use of a low power, low voltage power supply providing
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sinusoidal waveforms. Other supplies can be fitted that allow for other waveforms and frequencies
or pulsed operation of the jet, although they are not included in the original COST jet definition. All
components are installed inside a grounded housing that shields the whole assembly against
external stray capacitances.

Further details of the physical properties, as well as the electrical and gas phase plasma
diagnostics of the COST jet, and procedure protocols for reproducible operation are
comprehensively described in an earlier work [18]. A set of modified COST jet configurations was
developed and characterized that allows the separation of the particle and photons to study their
isolated or combined effects [19]. Moreover, accurate computational models have been developed
to predict the chemical kinetics in the gas phase [20-22].

Overall, the possibility to control, tune and reproduce the gas phase plasma properties of the
COST jet and modified jets make them highly useful plasma setups.

In this review, we summarise the main advances in the applications of the COST plasma jet.
Specifically, we focus on the insights into plasma chemistry gained by using the COST jet. Here we
report the use of the COST jet together with its predecessor u-APP], which have virtually the same
properties, as mentioned above. Henceforth, we refer to both as ‘the COST jet’ to maintain clarity.

2. Applications of the COST Plasma Jet

2.1. Interaction with Organic Polymers

The applicability of an APPJ to specific purposes is largely defined by the induced chemistry.
The aforementioned tunability of the COST jet (and COST jet-based modified plasma setups) allows
controlled generation of RONS in the gas phase [19,23]. Specifically, when operated with a feed gas
of He with O2 admixtures, the main ‘output’ reactive oxygen species (ROS) are atomic oxygen O,
singlet oxygen 02, and ozone O3[24,25]. These ROS are of high importance in the field of material
research. For example, highly chemically reactive atomic and radical species generated by plasma
[8,13] can interact with polymer surfaces in various ways.

2.1.1. Photoresist Removal

In the micro-nano-electronics industry, the production of lithographic patterns proceeds
through several steps, required to generate advanced nanoscale structures. The removal of
photoresistant polymers (or plasma etching) between the processing steps is used. Commonly, this
is done by using low-pressure plasmas, the operation of which is costly and can damage the
substrate surface [26,27].

An alternative to this method was suggested by West et al. [27]. Since in the COST jet the
applied field is perpendicular to the gas flow, the charged species, including high energy electrons,
are largely confined within the jet. This eliminates the danger of sheath formation when the effluent
of the jet interacts with targets.

The COST jet was operated at 13.56 and 40.68 MHz, with a feed gas of He with O2 admixtures.
It was used to remove novolak polymers from a silicon wafer. It was found that under the
investigated conditions, an admixture of 0.5% O: resulted in the highest rate of photoresist etching.
The authors reported that 0.5% O: in He yielded the highest amount of atomic O, which also
corresponded to the highest rate of etching. O was suggested to be the main species responsible for
the polymer removal. The highest etching rate achieved by West et al. was 10 um/min, with a total
gas flow rate of 7 L/min. This etching rate is comparable to those required by the semiconductor
industry, while being substantially more benign for the underlying surface.

Very recently, Hefny et al. showed that when the COST jet He+O: plasma interacts with
surfaces, such as e.g., amorphous carbon films, the probability of the surface loss of O atoms is low
(below 1%). This results in high densities of O atoms not only in the area of the immediate contact
of the plasma effluent with the surface, but also radially on the surrounding thin film, making the
COST jet a useful tool in studying the surface processes occurring during CAP etching [28].
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2.1.2. Studying the Main Agents Used in Polymer Surface Modification

Polymers are widely used in the packaging industry, for textile, and in medical applications,
often in combination with plasma technology [29]. The low wettability of polymers can be a
problem that needs resolving. The increased hydrophilicity of the polymer surface is achieved by
using industrial plasmas, but the chemistry which yields the desired properties of polymers is not
well known [30].

Shaw et al. investigated the chemical species and mechanisms leading to the induction of
wettability in polypropylene films [31]. Once again, here the COST jet was used as a system without
an active effluent: the ‘output’ of the jet was comprised of highly chemically reactive atoms and
radicals, but contained no high energy species such as plasma electrons.

The authors assessed the wettability from the contact angle between water droplets and the
polymer surface as a function of various plasma parameters. Similar to the etching study, the laser
induced fluorescence analysis showed that most O atoms were produced in the studied system
when He was used with ca. 0.5% O2. This O2admixture also corresponded to the highest wettability
achieved. The surface analysis revealed the formation of C=O moieties corresponding to both
ketones and carboxylic acids.

This demonstrates that the COST jet-induced chemistry (e.g., O-based) can be used both for
complete etching of target polymers, and for mild oxidative transformation of the surface groups
leading to increased wettability of polymers, depending on the specific parameters of plasma operation.

2.2. Preparation of Silicon-Based Films

Silicon dioxide is a common material for the production of thin films, which find their use in
anti-corrosive or scratch-resistant coatings [32]. One of the most attractive ways to deposit these
films is with CAPs, which allow reducing production costs by avoiding vacuum plasma
technologies currently used [33].

Reuter et al. used the COST jet and its modified versions to study the plasma-driven
deposition of silicon thin films with a specific chemical composition [32]. The plasma jet was
operated with a feed gas of He with hexamethyldisiloxane (HMDSO). The authors investigated the
effect of ROS present in the deposition process. Oz either was added in a closed reactor with another
jet (He+O2, generating ROS), or diffused into the effluent from the ambient air. By studying the
resulting film properties with FTIR, it was found that the carbon content of the deposited films
depended largely on the presence of Oz A He+tHDMSO plasma jet yielded high C content films,
while He+tHDMSO with He+O:2 or with Oz from the ambient air gave predominantly a Si-O-5i bond
formation. The authors suggested that: (i) The He+tHDMSO plasma jet produced Si-C rich thin
films; (ii) they further interacted with atomic O or other ROS, leading to the loss of carbon. This was
further confirmed by the ellipsometry and XPS analyses of the thin film produced by adding both
HDMSO and O:zinto the He feed gas [34].

Further, Riigner et al. proposed reaction pathways leading to thin films with high Si-O and low
Si-C content [35]. The addition of Oz yielded ROS which lead to additional Si-O bonds in the gas
phase plasma. This generates O-centred radical structures with a high affinity to surface deposition.
Furthermore, the remaining methyl substituents on Si are removed via oxidation to CO, in turn
leading to crosslinking and creating Si-O-5i structures (Scheme 1).

ROS from O, in plasma

oxidation by \
CHs CHs CHs CHs CHs plasma ROS (|3
H3C—S|i—O—Si—CH3 — H3C—S|i- + 'O—Sli—CHg — H3C—S|i—CH3 —_— —O—Sli—O—
CH3 CH3 plasma CH3 CH3 (@] O

HEMBO O-centred radical * *

Scheme 1. The use of the COST jet to study the reactions leading to SiO2-based thin films deposited
by cold atmospheric pressure plasma (CAP).
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Thus, the plasma generated with the COST jet proved useful in studying many fundamental
properties of SiO: film deposition and the effect of other plasma RONS.

2.3. COST Jet for Inorganic and Organic Chemistry

One of the unique properties of the COST jet is its ability to produce ROS in the gas phase with
high selectivity, as we discussed above. Additionally, and perhaps more importantly, it was also
shown by studying the oxidative transformations of phenolic compounds in water that the COST
jet is a very effective instrument to induce O atoms in liquid solutions [36,37]. In general, CAPs are
unique systems for the delivery of short-lived species (atoms and radicals) [38], very sought-after in
chemical applications, as we demonstrate below.

2.3.1. Studying the Reaction between Atomic O and CI- in the Liquid Phase

Due to the difficulties in selective induction of atomic oxygen into liquids, its reactions in
aqueous solutions are largely unknown. One of such reactions is the oxidation of Cl-, which was
recently proposed by Kondeti et al. [39].

This reaction was studied using a COST jet operated with the He+O: feed gas. The produced
plasma interacted with solutions containing Cl- anions. We studied the production of various
RONS: (i) Experimentally in aqueous solutions by measuring their concentrations with UV-Vis and
EPR analyses, and (ii) computationally in the gas phase using 0D chemical kinetics modelling
(enabled by the well-studied kinetic models of the gas phase plasma of the COST jet). The results
showed nearly identical trends of atomic O densities in the gas phase and the ClO- formed in the
liquid phase. Importantly, the concentrations of other RONS which could potentially oxidise CI-
(H202, O3, 102, *OH, *OOH) did not follow similar trends. This allowed us to suggest that ClO- is
formed via the direct oxidation of Cl- by O atoms [25]. This was also confirmed by Jirasek et al.,
who used the COST jet with He+O: to treat chloride-rich solutions at high pH. The authors also
observed the products of further oxidation: ClOz2- and ClOs™ [40] (Scheme 2). The reaction rate
coefficient of O with Cl- was estimated to be relatively 2-3 orders of magnitude lower than of O
with 2,2,6,6-tetramethylpiperidine [25] and of O with phenol [40]. More accurate evaluation
requires additional kinetic investigations.

Oy ——> 20,

plasma diffusion
into

H,0

Scheme 2. Use of the COST jet as an efficient source of oxygen (O) atoms to study reaction pathways
in the oxidation of Cl- in aqueous media.

These were the first studies of this previously undescribed chemical reaction, very important
for fundamental chemistry research. They also have large implications on the in-liquid chemistry of
CAP-treated solutions, especially in biomedical research.

2.3.2. Epoxidation of Trans-Stilbene with Atomic O

Epoxidation of olefins is an important chemical reaction yielding organic epoxides, key
building blocks in organic synthesis. Epoxidations are typically performed with peroxy acids or
other sacrificial oxygen donors, and/or catalysed by complex catalysts which are often not easily
recyclable [41]. This creates separation, cost-effectiveness and environment-related issues by
producing chemical waste.

In the context of benign, nearly zero-waste chemical agents, CAP-generated RONS present an
attractive alternative to conventional chemical routes for organic synthesis [42].
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Iza et al. studied the possibilities of epoxidation of trans-stilbene by various reactive species
[43]. The authors utilised the COST jet operated with He+Oz and He+COsz. In both cases, the ROS
that yielded the desired epoxide was the atomic O. This was shown by using an Os generator and
10z-producing photochemical system, neither of which produced large amounts of the epoxidation
product. In the case of the He+CO:2 APP], the by-product of the reaction was CO. Direct plasma-
driven CO: conversion to CO, although attracting much attention, is hindered by the reverse
reaction of CO with O atoms [5]. Trans-stilbene in this case acted as a quencher for O, minimising
this effect (Scheme 3). Exposing a solution of trans-stilbene in acetonitrile to these two effluents of
the COST jet, the highest epoxide yield was ca. 60%, proving the feasibility of such waste- and
catalyst-free epoxidation process.

02 - 20
plasma

trans-stilbene epoxide

Scheme 3. Use of the COST jet as a waste-free benign chemical system for the epoxidation of trans-
stilbene, providing high yield and conversion values.

2.4. Biomedical Research

Cold plasma medicine is one of the most extensive fields of CAP research. It comprises many
applications, from cosmetic dentistry and biomedical materials production [1,9,29] to bacterial
deactivation [39,44] and anti-cancer therapy [38,45].

Despite the significant progress in the field of biomedical CAP, the underlying mechanisms are
far from understood. It is generally assumed that the majority of the observed biomedical effects is
due to the extremely high chemical reactivity of RONS. However, the main RONS (or even their
nature: long- or short-lived) responsible for the medicinal effects of CAP are mostly not known
[38,46].

The deconvolution of the combined RONS effects becomes possible by using a CAP system
with tunable production of reactive species, such as the COST jet. However, in biomedical milieu,
RONS from the gas phase interact with liquid water present in every biological system. Therefore,
studying the mechanisms of this interaction is required to evaluate the said tunability [10].

In a combined experimental and computational study, the sources of RONS induced by the
COST jet in an exposed liquid were identified. This required differentiating between the water from
the exposed liquid, water in the feed gas, and water in the effluent of the jet. It was done by
isolating all components of the jet from the ambient air and using isotopically labelled water
molecules [47]. As a result, it was found that even in the interaction with liquids, RONS produced
by the COST jet are formed almost exclusively inside the plasma jet, from the components of the
feed gas. In the effluent, these non-charged species further interact with each other and the
components of air. Since the high energy species are absent in the COST jet effluent, virtually no
new reactive species are formed from the air and H20 vapour [48].

Therefore, even the small admixtures to the feed gas of the COST jet play a more important
role than the composition of the ambient air (e.g., humidity level). This once again emphasises the
‘standard’ nature of the COST jet, which enables its usage in different environments comparably
and controllably.

2.4.1. Studying Bactericidal Effects of CAPs

Treatments of chronic wounds with CAPs result in expedited healing, partly due to the
efficient bacterial deactivation [9,44]. CAPs consist of different groups of physical and chemical
components: (UV) photons, electric fields, charged and neutral particles [1,13]. Although numerous
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reports are available in literature on bacterial deactivation by exposure to cold plasma, the effect of
these groups is not clearly understood.

Lackmann et al. used the COST jet to decouple the effects of various plasma-generated
components on bacteria. The authors used modifications of the COST jet, which enabled the flux of
(i) only photons; (ii) only RONS; (iii) combined fluxes of photons and RONS, while the gas flow
onto the target remained the same under all experimental conditions. The most pronounced anti-
bacterial effects were observed when the effluent with the combined flux was used: DNA damage,
chemical modifications to protein and cell envelope were all the highest in this case. This indicated
that the anti-bacterial effects of plasma can extend beyond the generation and delivery of RONS,
and include the synergistic effects of UV photons and RONS combined [49].

Furthermore, the generalised effects of plasma RONS on proteins were studied using cysteine
as a model molecule. Using a He-only fed COST jet, almost no changes in the cysteine structure
were detected, whereas adding O: admixtures to He revealed multiple oxidation sites [50],
expectedly due to the generation of highly oxidising O atoms. Here, the COST jet was used as a
plasma device without an active effluent, as opposed to plasmas with high densities of high-energy
particles in the effluent [10].

2.4.2. Identifying Optimal Parameters for Anti-CANCER treatments

CAP cancer therapy is one of the most promising anti-cancer modalities [9,45]. When
combined with other treatments and surgical methods, the chance of the recurrence of tumour
formation can be substantially reduced.

The number of studies on the CAP treatment of cancer cells has dramatically increased in
recent years. Yet, similar to the anti-bacterial properties of cold plasma, the exact plasma
components and the mechanisms responsible for the plasma effects are not explicitly known.

Vermeylen et al. used the COST jet operated with the Het+O: feed gas to study the effects of
various parameters on the treatment of different melanoma and glioblastoma cell lines [51]. While
the viability of all cell types was reduced as a result of plasma treatment, some appeared to be more
susceptible to it than the others. This study tackled one of the most highlighted problems that
plasma medicine research is trying to solve: Determining the potential selectivity of CAP treatment
on cancer cells compared to benign cells [52]. The COST jet was used under conditions producing
high densities of O atoms.

Bekeschus et al. showed that the O atoms were one of the main RONS leading to the apoptotic
death of leukemia cells [53]. The authors used the COST jet operated with the He with the H.0O
and/or O2 admixtures. The authors identified liquid phase reactions leading to CIO- formation (see
above) and other RONS leading to cell death. At the same time, H202, often considered to be the
main biomedical effecter among the plasma-induced RONS [53,54], did not play an important role
in the plasma-elicited effects.

The COST jet was also used in the comparative use of plasma-treated media as opposed to the
direct plasma treatment [51]. This addresses one of the main reasons for the scepticism towards
plasma medicine. Direct plasma treatment provides targeted delivery of highly short-lived RONS
during treatment, while plasma-treated media generates persistent and semi-persistent molecular
and ionic compounds, including e.g, H2O2 nitrous and peroxynitrous acid [13,55]. These
compounds are commercially available, and their use technically does not require the employment
of cold plasma.

A study was conducted determining the main RONS effecters on 3D tumour models
(spheroids), which represent real in vivo tumours in a more realistic manner [56]. The spheroids
consisted of glioblastoma cancer cells, and were subjected to treatments by the COST jet fed with
the He feed gas with H>O vapour admixtures. The main RONS induced by this APP]J in liquid were
the H202, NOxz, and eOH radicals. The effects of the direct plasma treatment and the CAP-treated
media were compared. Despite the substantial short-term effects from the treated media (which
was practically identical to the solutions prepared from the commercial chemicals such as H202),
the long-term effects were only observed in the case of direct CAP treatment (Figure 2). Therefore,
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the short-lived radical species were proposed to be the key RONS for efficient tumour treatment.
This indeed implies the need for plasma usage in cancer therapy, where plasma acts as a unique
physicochemical system for the generation and delivery of short-lived RONS [38,56].

Cell death and plasma
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Figure 2. Strong long-term effects on glioblastoma spheroids were achieved only during direct CAP
treatments due to the presence of short-lived species, such as ®OH radicals, while the plasma-
generated H2O: resulted only in short-term effects.

3. Conclusion and Outlook

Cold plasma research is a vividly growing field. Different plasma devices are developed and
optimised to achieve desired effects in specific applications. Among them is the COST plasma jet: A
highly tunable, computationally approachable, and easy-to-use device. In this review, we showed
its applications in several studies, such as materials research (polymer etching, thin film
preparation) and biomedicine (anti-bacterial and anti-cancer treatments).

The ability of the COST jet to selectively produce RONS under specific conditions is what
extends its applicability beyond being a standard reference plasma jet, and makes it an extremely
useful tool for CAP-related investigations. For example, O/'02/Os can be produced when O: is used
as the feed gas admixture, and even then, the ratio between e.g.,, O and Os is easily tailored by
further altering plasma exposure conditions; H2O admixtures produce nearly exclusively H:0,
oOH and ¢OOH, etc.

This brings us to the main fundamental difference between a cross-field plasma jet, such as the
COST jet, and other types of CAP, such as dielectric barrier discharges (DBDs) or parallel-field
APPJs. In the COST jet, the charged species, including high energy electrons, are contained within
the plasma discharge region between the electrodes. The plasma electrons are responsible for most
of the reactive non-equilibrium chemistry, which yields RONS upon interaction with the ambient
air in the plasma jet effluent. Therefore, the effect of ambient conditions is dramatically reduced
when using the COST jet compared to e.g., a DBD plasma or a parallel-field plasma jet. This also
means that the COST jet is capable of producing RONS rather selectively, as opposed to e.g., the
active effluent of parallel-field APPJs, where different RONS are produced from N2, O2 and H20 at
the same time, making the total number of different RONS high. In other words, the tunable and
controllable RONS-producing chemistry occurring inside the COST jet can be used to study the
effects of specific reactive species in chemical and biological systems, as we show in this review.
Furthermore, the absence of active effluent enables the COST jet use in studies which aim to avoid
damaging the target (e.g., plasma etching/ashing, biomedical work). Some of the most important
studies are summarised in Figure 3.
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Selective and tunable production of ROS Simplified chemistry in the effluent
from the admixtures in the He feed gas due to the absence of high energy electrons
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Figure 3. Some of the applied and fundamental research works with the COST plasma jet.

Several of the example works discussed here show the feasibility of using a CAP device, and
specifically the COST jet, for industrial applications, e.g., in plasma etching, thin film deposition,
and epoxidation in synthetic chemistry. However, it must be acknowledged that the direct use of
the COST jet in an industrial or a clinical setting is limited due to several factors. For example, the
COST jet requires the use of He as a (costly) feed gas. Nonetheless, we stress that it is indispensable
in performing studies which help reveal fundamental properties of the plasma chemistry and its
effects.
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