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Abstract

Atmospheric pressure non-equilibrium (cold) plasma jet technology received enormous
attention in surface processing of materials in the last two decades, and still continues
nowadays to attract growing interest. In addition to the advantages of the atmospheric
pressure operation such as the potential cost reduction of apparatuses as well as their easier
handling and maintenance, due to the distinctive remote operation, plasma jets give the unique
possibility of placing the substrate outside the source boundaries. Consequently, the
processing of complex three-dimensional objects and the integration into existing production
lines are expected to be much easier. However, while appealing, plasma jet technology has
the drawback that great efforts are required for process optimization, since many factors can
affect, for instance, the physical and chemical proprieties of the so-called “plasma plume”
emanating from the devices and propagating in open space towards the substrate to be treated.
The aim of this paper is to provide a critical literature review on the utilization of atmospheric
pressure non-equilibrium plasma jets in surface processing of materials. Starting from the
description and classification of the multitude of devices used in this applicative field so far,
the attention will be drawn on some very important aspects to be taken into account in process
optimization. The discussion will be focused on basic concepts and peculiarities closely
related to the remote operation of the plasma sources, which include the characteristics and
dynamics of the plasma plume interacting with the substrate and the surrounding atmosphere.
Since the plasma jet approach allows the surface modification of small localized regions of
the sample, the strategies implemented to enlarge the treated area will be also addressed.
Finally, a brief overview will be given of the available applications and recent developments

in the field of etching, thin film deposition and treatment.
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1. Introduction

Atmospheric pressure non-equilibrium plasma jet devices (also referred to as non-thermal or
low-temperature or cold plasma jets or torches) can be defined as remote plasma sources
operating at atmospheric pressure (AP) and moderate gas temperatures under non-
equilibrium plasma conditions [1-6]. Several different approaches are currently available in
plasma jet technology to obtain non-equilibrium plasma conditions at atmospheric pressure
[6-11]. These approaches can exploit for instance highly asymmetric electrode geometries
and sharply curved electrodes (such as in corona discharges), dielectric barriers, sub-
millimeter plasma confinement in at least one dimension (i.e., microplasmas) [7-15].
Strategies based on high-frequency plasma excitation are also utilized as in the case of
radiofrequency (RF) or microwave (MW) driven discharges [6,9]; while, recently,
nanosecond pulsed power supplies have been proposed to achieve strong and stable non-
equilibrium plasma conditions [11].

The distinctive feature of plasma jets resides in the fact that the plasma, generated remotely
within the device, can be launched outside its physical boundaries, extending in the open
space in the form of a so-called “plasma plume” (see the general plasma source scheme in
Fig. 1). The adequate choice of the source design, the electric field geometry and gas flow
conditions can allow the plasma plume to propagate through the external environment as far
as a few tens of millimeters from the device exit [1,3,4].

Atmospheric pressure plasma jets were firstly developed as thermal arc-based plasma sources
(i.e., arc jets and plasma torches) [6,8,16], with application in propulsion, cutting, welding and
other high-temperature inorganic material processing technologies [8]. Non-equilibrium
plasma jet devices began to emerge in the 1990s [2,17,18], benefiting from both the
technological advances in the field of non-equilibrium plasma generation at atmospheric
pressure, and the rising industrial demand for cold plasma technology in surface processing.

Since then a large variety of devices have been developed, differing in the strategy utilized for



non-equilibrium plasma generation, in the electrode arrangement and overall architecture as

well as in the shape, size and dynamics of the plasma plume ejected from the device [3,4,6].

Over the years, AP non-equilibrium plasma jets have demonstrated to be very promising in a

plethora of cold plasma-based processes which allow the surface modification of a large

variety of materials, without affecting their bulk properties [19]. These processes can be

broadly divided into three main classes [20]:

(i)

(i)

Plasma etching allows the removal of either the substrate material (in both isotropic and
anisotropic fashion) or surface contaminants (i.e., plasma cleaning) to form volatile
products.

Plasma-assisted deposition affords the preparation of organic, inorganic and hybrid
multicomponent thin films (average thickness ranging from some nanometers to a few
microns) as well as localized structures (width ranging from a few tens to a few hundreds
microns and height up to several hundred microns). Different approaches can be used
such as the plasma-enhanced chemical vapor deposition (PECVD), the aerosol-assisted
plasma deposition (AAPD) and various evaporation- and/or sputtering-based techniques

[11,15,21].

(iii) Plasma treatment consists in the modification of the outermost layers of the substrate

through chemical grafting of specific functional groups and/or increase of the
crosslinking degree and/or variation of the surface roughness. It includes a wide range of
processes utilizing plasmas generally fed with noble gases (e.g., helium or argon) and/or
molecular gases (e.g., nitrogen, oxygen, hydrogen, ammonia, etc.), operated under
experimental conditions that are not able to induce considerable etching and appreciable

polymerization.

In addition to the benefits offered by the atmospheric pressure operation, such as the potential

cost reduction of plasma reactors as well as the easier handling and maintenance of

apparatuses, beyond doubts the main advantage of plasma jets utilization in surface



processing is related to their distinctive remote operation. Plasma jets give, in fact, the unique
possibility of placing the substrate outside the source physical boundaries, since they are able
to bring the plasma, and therefore the reactive plasma species (e.g., radicals, metastables,
ions, etc.), in the external environment and even in open air. Consequently, the processing of
complex three-dimensional (3D) objects and the integration in existing production lines are
much easier. It is worth highlighting that the source physical boundaries are very often mainly
dictated by the geometric constraints for the generation of non-equilibrium plasmas at
atmospheric pressure. Specifically, typical electrode assemblies utilize narrow gas gaps
which are often limited to a few mm (for instance in the case of DBD and RF discharges-
based plasma jets) because of the relatively high breakdown voltage of gases at atmospheric
pressure [3,5,7-9]. Microplasma jets impose even more stringent geometric restrictions;
however, as miniaturized devices they offer a unique tool towards localized and spatially
resolved surface processing at atmospheric pressure [13-15,22-24]. On the other hand,
strategies for uniform surface modification over large areas have been also implemented and
are currently available in the realm of plasma jet technology [15,25].

However, while appealing, plasma jet technology has the drawback that great efforts are
required for process optimization, since many factors can affect the physical and chemical
proprieties of the plasma plume propagating in the external environment towards the substrate
to be treated. The interaction of the plasma emerging from the device with the surrounding
atmosphere and the substrate (Fig. 1) can be responsible for several phenomena that, while
predictable in principle, are very difficult to be handled in practice. Indeed, the control of
chemical reactions occurring under non-equilibrium plasma conditions can require more
effort when dealing with plasma jets.

Different reviews have been published on plasma jet technology so far [3,4,6,19]. Laroussi
and coauthors classified atmospheric pressure non-equilibrium plasma jets according to the

power supply frequency range [3], the operational parameters [3] and the type of gas used to



ignite the discharge [4]; they also focused on the understanding of the nature and dynamics of
plasma propagating in the surrounding environment [4]. The recent review by Weltmann and
coworkers [6] gives an overview of jet devices and specifically provides an update of new
designs and novel research achievements. Papers by Belmonte et al. [22,23] outline the
localized and large area deposition processes by means of both millimetric plasma jets and
microplasma jets; while the review papers by Mariotti and Sankaran [15] and by Lin and
Wang [24] are focused on nanomaterials synthesis by microplasmas technology and, among
others, include examples on the utilization of microplasma jets for the surface modification of
materials.

The aim of this paper is to provide a critical literature review on the utilization of AP non-
equilibrium plasma jets in surface modification of materials. Both the novelty and distinctive
character of this review mainly reside in the fact that it presents the most relevant aspects to
be taken into account in the optimization of plasma jets operation to obtain reliable and
reproducible processes.  First, the multitude of devices developed so far for use in surface
processing will be classified and briefly described (Section 2). Then, the attention will be
focused on some important issues to be faced in process optimization and strictly related to
the remote operation of the plasma sources, such as the propagation dynamics of the plasma
plume in open space, its interaction with the surrounding atmosphere and the substrate (Fig.
1); the localized surface modification of materials will be discussed and possible strategies for
the large area processing will be presented (Section 3). Finally, a brief overview will be given
of the available applications in surface engineering with special focus on specific advances
that have been recently made in the field of plasma etching, deposition and treatment (Section

4).



2. Atmospheric pressure non-equilibrium plasma jets used in surface processing

Many different atmospheric pressure plasma jets have been developed so far to be utilized in
surface modification of materials. Over the last two decades, technological advances in the
design of this class of plasma sources have been boosted by the growing research interests for
AP non-equilibrium plasmas in various areas of study including medicine and healthcare
[26,27], nanomaterials synthesis [15,22—24] and surface engineering [12,15,22,23]. Without
doubt, the progress made in the emerging field of plasma medicine has significantly
contributed to the development of new plasma sources and, inter alia, to the understanding of
their operation in open air [26-28]. Indeed, AP non-equilibrium plasma jets are among the
most utilized plasma devices in the treatment of living cells, tissues, and even organs, since
they operate under ambient conditions and may allow, for instance, the direct interaction of
the plasma with the human (or animal) body to realize therapeutic effects [26-28]. On the
other hand, due to their distinctive remote operation, AP non-equilibrium plasma jets have
also offered new and exciting opportunities in materials science, pushing the plasma
community to properly optimize plasma sources for nanomaterials synthesis and surface
modification.

This section proposes a brief overview of AP non-equilibrium plasma jets, the use of which
falls within the realm of surface processing. First, some basic concepts on the architecture
and operation of plasma jet systems will be illustrated (subsection 2.1). Then, the attention
will be focused on the various strategies adopted to obtain non-equilibrium plasmas
conditions, with specific reference to the designs, power supplies and operational conditions
used in various etching, deposition and treatment processes (subsection 2.2). A brief

comparison between atmospheric pressure and low pressure non-equilibrium plasmas will be



also presented. Although this review is focused on non-equilibrium plasma sources operating
far away from thermodynamic equilibrium (also referred to as cold or non-thermal plasmas)
for the sake of completeness, it will include a few examples of arc plasma jets (i.e.,
equilibrium or hot or thermal plasma sources) characterized by relatively low operating
temperatures (subsection 2.3). When properly handled, these sources can be utilized in
surface modification without causing thermal damage to the treated materials.

It is worth mentioning that in the literature the term “plasma jet” is commonly used
interchangeably to mean both the remote source able to generate the plasma and to launch a
plasma plume in the external environment, and the plasma plume itself. Therefore, to avoid
any confusion, in this review the term “plasma jet” is used to refer only to the remote plasma

source.

2.1. Basic concepts on architecture and operation of plasma jets

As already mentioned in the introduction, the main feature of plasma jets is that the plasma,
ignited and sustained remotely within the plasma source, extends well beyond the region
where it is generated and can, finally, be launched outside the device in the form of a so
called “plasma plume” (Fig. 1). Specifically, in the case of atmospheric pressure non-
equilibrium plasma jets, the adequate choice of the source design, the electric field geometry
and gas flow conditions-can favor the propagation of the plasma plume through the external
environment, as far as a few tens of millimeters from the device outlet to intersect the
substrate to be treated. However, when very mild plasma treatments are needed, the plasma
source can be kept far enough from the substrate, so that the plasma can decay prior to
reaching the substrate surface. In this case the substrate interacts only with the long-living
species produced by plasma and transported outside the source by the gas flow [29].

Many different plasma jet devices have been developed so far, differing in the strategy

exploited for non-equilibrium plasma generation, in the geometry of the electrode
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arrangement as well as in the shape and dimensions of the plasma plume ejected from the
device [3,4,6,23,24]. However, despite the large variety of configurations used in surface
processing, it is possible to identify some common architectural features, that will be briefly
described below and are schematized in Fig. 1 as well as in the various plasma jet systems
reported in Fig. 2-7.

First of all, almost all plasma jets structurally integrate both the electrode assembly for the
generation of the discharge and the channel (or duct) through which the feed gas flows and in
which the plasma generates and propagates (Fig. 1). Notable exceptions to this exist are, for
instance, the inductively coupled plasma sources (Fig. 4e and f) or the electrode-less
microwave plasma jets (Fig. 6a) which have, however, to integrate the resonant cavity to
generate the plasma [10,30].

The plasma propagates through the channel, along the gas flow direction, towards the outlet
where it can be ejected outside the device (Fig. 1). The channel usually has circular (or round-
shaped) or annular (or ring-shaped) or rectangular cross-section perpendicular to the gas flow
direction (see, for instance, the plasma jets in Fig. 3). The cross-sectional shape and
dimensions of the channel are generally identical to the shape and dimensions of the source
outlet. An exception to this can be found in Fig 3b showing a plasma jet featuring an annular
channel and a circular outlet. In some cases, the device outlet can present a restriction or a
convergent nozzle (Fig. 4f, 5a and 7a) which reduces the gas channel cross-section to favor
the focusing of the plasma plume or to promote the reactions occurring within the source
[31-35]. It is worth mentioning that, as a function of the device outlet shape and dimensions,
different denominations can be used for plasma jets. Devices characterized by very narrow
circular outlets are broadly considered zero-dimensional plasma sources and often referred to
as “point plasma sources” [5]. Plasma jets featuring high aspect-ratio rectangular outlet (i.e.,

high length-to-width ratio) are considered one-dimensional sources generally known as

11



“linear plasma jets” because the plasma plume emerging from the source resembles a “plasma
line” [36-39].

Round-shaped gas channels can have diameter ranging from a few hundreds of microns to a
few millimeters [32,40]; while ring-shaped channels can in principle present inner and outer
diameters of up to a few centimeters, and annular space thickness up to a few millimeters
[41-43]. Finally, the cross-section of rectangular gas channels generally presents length
ranging between a few centimeters and some tens of centimeters, and width of up to a few
millimeters [36,44].

The critical dimensions of the gas channel cross-section (i.e., the circle diameter in round-
shaped cross-sections, the annular region thickness in ring-shaped cross-sections, the
rectangle width in rectangular cross-sections) are mainly dictated by the geometric constraints
associated to the generation of non-equilibrium plasmas at atmospheric pressure. In fact, since
the atmospheric operation implies high gas breakdown voltages, narrow gas gaps are
generally used; they are limited, for instance, to a few millimeters in the case of DBD and RF
discharges. This, inter alia, prevents the utilization of very high voltages to ignite and sustain
the discharge [4,5,7-9]. Even more stringent geometric constraints are associated with
microplasmas where at least one dimension needs to be reduced to the sub-millimeter scale
[13-15].

Regarding the materials in direct contact with the feed gas and the discharge within the
plasma sources, metals are often used, and this is the case of plasma jets featuring bare metal
electrodes (Fig. 2a, Fig. 3b, Fig. 4a, c and d, Fig. 4, Fig. 7a). Dielectric inorganic materials
(e.g., alumina, glass, quartz, fused silica) are also utilized when, for instance, the gas channel
consists of a tube of dielectric material (e.g., Fig. 2a, Fig. 4a, b, e and f) and/or when
dielectric-covered electrodes are used (see the DBD jets in Fig. 3). On the other hand, the

use of polymers is rarely reported [45].
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Additionally, plasma jet systems can present single or multiple inlets for feed mixture
introduction within the source and even independent inlets can be used for the different
components of the mixture. Specific examples can be made regarding the introduction of the
thin film precursors (in vapor or aerosol form) in plasma jets used in deposition processes. A
first approach utilizes a single inlet (see Fig. 3a) and consists of injecting the precursor
together with the so called “discharge gas” (e.g., a pure gas such as helium, argon, nitrogen,
or gas mixtures not containing polymerizing species) into the plasma source, upstream of the
plasma generation region. This favors the precursor activation and fragmentation in the
discharge, but causes deposition inside the device. In a second approach the discharge is fed
only by the “discharge gas”, while the precursor is separately introduced, downstream of the
plasma generation region (Fig. 3b, Fig. 5¢c, Fig. 6), through an independent inlet located
before or after the source outlet [12,46]. In case of coaxial cylindrical systems, very often,
hollow central electrodes are used for precursor injection directly in the plasma plume (Fig.
3b and 6). The vapor or aerosol of the precursor is commonly introduced in the source in
mixture with a carrier gas which is usually the same as the discharge gas. The role of the
carrier gas is dual, since it assists both the formation of the precursor vapor or aerosol (when
bubblers and pneumatic atomizers are respectively used) as well as its transportation and
injection in the plasma source. The downstream injection of the precursors prevents
deposition inside the gas channel and, therefore, renders the periodic maintenance and
cleaning of the devices less frequent and even unnecessary.

It is worth mentioning that for deposition of thin films and nanostructures, even solid
precursors can be used in the form, for instance, of consumable metal wires integrated within
the plasma source and directly exposed to the discharge (Fig. 4f) [32].

Finally, regarding the overall architecture of apparatuses integrating plasma jet sources, it is

important to have in mind that:
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(i) Depending on needs, plasma jets can be operated either in open air or in controlled
environments. In the latter case the plasma sources are located into airtight chambers
[41].

(if) The substrate is commonly placed onto a sample holder located below the source exit,
while the source axis is commonly perpendicular to the sample holder [41].

(iii) The source-to-substrate distance, taken to mean as the distance between the plasma
source exit and the substrate, can be generally varied from less than 1 mm to a few tens of
mm. The holder can be also heated during the process, as can be required to assist the
deposition of dense inorganic coatings [31,46].

(iv) The apparatuses can be also equipped with displacement systems of the plasma source
and/or the sample holder (Fig. 1), to improve the final uniformity of the treated surfaces

and/or to enlarge the treated area (Section 3.3).

2.2. Strategies for atmospheric pressure non-equilibrium plasma generation

When working at atmospheric pressure, due to the high collisional frequency between
electrons and neutrals (e.g., gas atoms or molecules), it is very challenging to mantain non-
equilibrium plasma conditions keeping the electron temperature (T¢) much higher than the
gas temperature (Tg), and the latter at or near room temperature [47,48]. Strategies must be
implemented to avoid the thermalization (i.e., the transition to equilibrium plasma conditions)
and, therefore, to reduce the risk of gas heating and arc formation. These strategies exploit, for
instance, special electrode shapes and geometries, dielectric barriers, plasma confinement in
small cavities, high-frequency alternated-current (AC), high gas flow rates [9,12]. The gas
temperature of the different types of AP non-equilibrium plasma jets can range between room
temperature and some hundreds degrees Celsius (roughly 700-1000°C as indicated in ref.
[6,9]) and, therefore, remains at least one order of magnitude lower than the electron

temperature [6]. The fact that in some cases the gas temperature rises significantly above
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ambient temperature can make challenging the utilization of some types of AP non-
equilibrium plasmas in the surface treatment of thermolabile materials (e.g., polymers) as well
as in the deposition of polymeric coatings.

Authoritative review papers propose classifications of AP non-equilibrium plasma jets based
on the frequency range of the power supply [3,6] and on the type of gas used to ignite the
discharge [4]. In this paper, AP non-equilibrium plasma jets currently used in surface
processing of materials are classified according to the approach adopted to obtain thermal
non-equilibrium plasma conditions at atmospheric pressure [5,9,10]. Broadly, each approach
allows identifying a specific type of AP non-equilibrium plasma and can be assigned to one
of the two following proposed classes:

— class 1: strategies based on the design of the discharge cells;

— class 2: strategies based on high-frequency plasma excitation.

Approaches exploiting highly asymmetric electrode geometries, dielectric barriers, sub-
millimeter plasma confinement in at least one dimension belong to class 1 and allow the
generation of corona discharges, dielectric barrier discharges, and microplasmas, respectively
[7-9,11,15]. While class 2 includes radiofrequency or microwave driven discharges [5,6,9].
However, it is important to keep in mind that the proposed classification is not exhaustive and
very often boundaries between some discharge types are blurred.

For each approach reported below, the most common electrode configurations and power
supplies will be presented, along with the typical designs and operational conditions (e.g.,

feed gas, gas flow rates, etc.) of plasma jets utilized in surface processing.

2.2.1. Strategies based on the design of the discharge cells
Corona discharges (CDs) utilize highly asymmetric electrode configurations and high-
curvature electrodes (i.e., sharp electrodes) such as in point-to-plane, wire-to-plane and wire-

to-cylinder geometries. They consist of a small metal electrode, in the form of a sharp point

15



(e.g., pin or needle) or of a thin wire and a large electrode that can be a flat metal plate, a
cylinder or a tube. By applying a high voltage to the small electrode, a strong electric field is
produced around it. Therefore, gas breakdown occurs in close proximity to this small
electrode, where the corona discharge ignites and remains localized in the form of a weakly
ionized non-equilibrium plasma. However, the careful increase of the applied voltage can
allow the discharge to extend towards the larger electrode (i.e., the counter-electrode), without
reaching it in order to avoid the corona-to-arc transition and the increase of the ionization
degree.

CDs can be generated by using both DC and AC power supplies at voltages up to several
tens of kV (e.g., DC voltages with both positive and negative polarity, audiofrequency AC
voltages). Also pulsed power supplies can be used and, interestingly, it has been shown that
nanosecond pulsing can render the stabilization of non-equilibrium conditions easier. In
particular it has been shown that pulses with 100-300 ns duration are sufficiently short to
avoid the corona-to-spark transition [7,8,39] because arcs do not have sufficient time to
develop within one pulse.

Several plasma jets based on corona discharges fed with air and nitrogen have been
commercialized for plasma treatments and, in particular, for wettability and adhesion
enhancement of the polymeric surfaces [49-52] through grafting of polar groups.

Fig. 2a shows the schematic diagram of the PlasmaStream™ plasma jet, developed by Dow
Corning, utilized for the open-air deposition of thin films by aerosol-assisted processes
[40,45,53-56]. The system consists of a dielectric head housing two needle electrodes
connected to a power supply operating in the audiofrequency (AF) range (15-25 kHz,
sinusoidal excitation signal). The electrodes are located either side of a central pneumatic
nebulizer through which the aerosol of the precursor is introduced; independent inlets are
present for the He-N, gas mixtures (total flow rate of about 5 sIm) and the thin film precursor.

This arrangement is positioned at one end of a quartz or polytetrafluoroethylene (PTFE) tube

16



which acts as guide for the gas flow and in which the corona discharge develops extending
towards the substrate (Fig. 2b). In ref. [40] the substrate is placed on a grounded metal plate
(counter-electrode) covered by a polymeric sheet, while in ref. [45] no counter-electrode is
used.

The spectroscopic investigation of the helium-fed corona discharge generated in this plasma
jet, revealed a gas temperature of about 130°C (deduced from the rotational temperature of
N, present as impurity due to the open air operation). Whereas thermographic imaging
revealed that the surface temperature of the quartz tube ranges between about 50 and 80°C
[40]. Interestingly, thermographic measurements carried out during the thin films deposition,
demonstrated that the temperature of the quartz tube, measured after 20 min of discharge
operation, is significantly lower when the aerosol of the precursor (e.0.,
hexamethyldisiloxane, HMDSO) is added to the He/N, discharge (i.e., about 90° and 50°C
without and with aerosol addition, respectively) [53]. This is likely due to the fact that a
significant amount of total thermal energy is imparted to precursors droplets and enable their
evaporation in the discharge. Interaction between the liquid precursor droplets and the non-
equilibrium cold plasma was studied in more detail by Iqual et al. [56].

Colombo and coworkers developed a linear corona plasma jet for the treatment of polymeric
substrates (i.e., electrospun poly(L-lactic acid) scaffolds) [39]. The plasma source is
composed of a housing made of dielectric material and a sharp stainless steel blade (36 mm
wide and 0.1 mm thick) operated as high-voltage electrode. The housing is provided with a
gas inlet (N2 gas flow rate of 5 slm) and two parallel gas channels to obtain a uniform gas
flow in the electrode region. In order to generate a uniform discharge, the plasma source is
driven by a nanosecond pulsed generator (peak voltage of 7-20 kV range, pulse repetition

frequency of 83-1050 Hz, pulse width of 12 ns and rise time of 3 ns) [39].

17



Dielectric barrier discharges exploit the presence of at least one dielectric layer located in
the current path between the electrodes to achieve non-equilibrium plasma conditions at
atmospheric pressure. The dielectric material has the key role of limiting the discharge
duration, preventing arc formation since the discharge is stopped before thermalization
occurs. DBDs are generated by using AC power supplies operating at frequencies generally
between 50 Hz and a few hundreds of kHz, both in continuous and pulsed mode. Different
feed gases can be used (e.g., He, Ar, N, and air) at flow rates ranging from a few slm to some
tens of slm, as a function of the characteristics and dimensions of the apparatus. One of the
main features of DBDs resides in their possible operation in completely different discharge
regimes. In most cases DBDs operate in filamentary regime (i.e., filamentary dielectric barrier
discharges, FDBDs) characterized by many microdischarges of short duration (~40 ns) and
narrow diameter (~200 um) [7,8], which evenly and randomly distribute in the discharge gap
over the dielectric surface. However, homogeneous microdischarge-free regimes can be also
obtained under particular experimental conditions mainly linked to the power supply (e.g.,
excitation frequency range and applied voltage, utilization of power matching and discharge
stabilization network [11,57]) and of the feed gas mixtures. Different homogeneous regimes
may exist (e.g., glow, glow-like and Tonwsend-like regimes) and Massines et al. summarized
their main characteristics in ref. [11].

Numerous plasma jets based on DBDs have been reported in the literature so far [41,58,59]
and also commercialized systems exist [36,43]. Applications in surface processing mainly
include surface treatment and thin film deposition. Fig. 3 shows three of the many possible
electrode configurations used in DBD jets. As previously discussed, the geometry and
dimensions of the electrode assemblies inevitably determine the shape and dimensions of the
jet canal cross-section perpendicular to the gas flow direction. Two different coaxial
geometries are reported in Fig. 3a and b: the first one shows external ring electrodes on a

dielectric tube (circular channel), while the second consists of an inner high voltage
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cylindrical electrode, a dielectric tube and an external grounded tube (annular channel). As
reported in Fig.3b, the inner electrode can be a hollow cylinder to accomplish the injection of
the precursor in the downstream region. Finally, Fig. 3c reports a DBD jet with a parallel
plate electrode geometry (rectangular channel), in which both electrodes are covered by a

dielectric layer.

Microplasmas are defined as plasmas confined within sub-millimeter cavities in at least one
dimension [15]. Different studies highlighted that thermodynamic non-equilibrium conditions
are stably achieved at atmospheric pressure for sub-millimeter plasmas. Mariotti in ref. [60]
reported experimental evidences of non-equilibrium in atmospheric microplasmas and,
specifically, showed that the increase of the pressure to the atmospheric level does not imply
the loss of non-equilibrium and the thermalization. Moreover, under atmospheric pressure
conditions, the reduction of the size of the plasma results in an increase of the electron
temperature and a concomitant decrease of the gas temperature, enhancing the non-
equilibrium characteristics of the discharge.

Fundamentals and applications of microplasmas are reviewed in reff. [13-15,61]. As far as
the technological applications in nanomaterials synthesis are concerned, it is worth
mentioning that microplasmas have been widely utilized for the fabrication of free-standing
nanomaterials (e.g., nanoparticles as powders or colloidal dispersions) [15,22-24]. This
application is beyond the scope of this review, that will remain focused on the utilization of
microplasma jets for surface modification of materials generally carried out as local etching,
treatment and deposition of nanostructured thin films.

Fig. 4 reports a selection among all the available microplasma jet designs. Numerous devices
employ corona [62-64] and DBD [65] configurations as those reported in Fig. 4a and b,
which show respectively a typical needle-to-plane corona geometry and a coaxial DBD

geometry with external ring electrodes on a dielectric tube. Fig.4c reports a hollow cathode
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microjet consisting of a stainless steel capillary tube (holes size of a few hundreds of microns)
used as the cathode and a metal plate or grid as the anode [66,67]. This design was utilized by
Sankaran et al. [66] for the deposition of diamond films; in this study the discharge was
operated using a negative DC power supply with current-limiting resistor in series.

Many radiofrequency-driven microplasma jets have been also developed [14]. In particular a
RF capacitively coupled plasma source with coaxial cylindrical electrodes is shown in Fig.
4d, while Fig. 4e reports a RF inductively coupled plasma source using a coil looped around
an alumina or quartz tube with sub-millimeter internal diameter [14,68]. The design shown in
Fig. 4f can be considered as a variation of the configuration of Fig. 4e. In this case the RF
inductively coupled microplasma jet is provided with a consumable metal wire inserted into a
restricted quartz nozzle. This design was used for the localized deposition of metal or metal
oxide nanostructures by evaporating or sputtering the sacrificial metal electrode [15,24,32].
Regarding microplasma generation, as it can be also deduced from the above descriptions, a
wide range of power supplies can be used as a function of the device configuration, e.g., both
DC and pulsed DC power supplies, AC power supplies operating in the AF, RF and MW
range. Discharges are usually fed with nobles gases such as argon or helium (low flow rates

up to a few hundreds of sccm), in mixture with reactive gases when needed.

2.2.2. Strategies based on high-frequency plasma excitation
The approaches here reported exploit high-frequency alternated-current electric fields (i.e.,
from MHz to GHz frequency range) for the generation of stable and uniform arc-free non-

equilibrium plasmas at atmospheric pressure.

The study of RF non-equilibrium plasmas at atmospheric pressure has started in the late

nineties, when the so called “atmospheric pressure plasma jet” (APPJ) operating at 13.56
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MHz was developed at the Los Alamos Laboratories in USA [18]. Since then different AP RF
plasma jets have been designed and utilized in surface processing [2,5].

Atmospheric pressure RF plasma jets operate in a capacitive electrode configurations using
RF power (usually at 13.56 MHz) which produce stable, very uniform glow discharge
between two bare metallic electrodes, without any dielectric in between [5].

Briefly, AP RF glow discharges can operate in two modes, known as a-mode and y-mode. In
the a-mode a stable uniform discharge forms; it is sustained by volumetric (or bulk)
ionization, while cathode secondary electron contribution is negligible. In the y-mode the
discharge is sustained by secondary electron emission from the electrode surface, similar to
DC discharges, and covers only a small fraction of the electrode surface [5]. Various studies
pointed out that the uniform discharge observed in case of AP RF plasma jets operates in the
a-mode [5,69,70]. This mode is commonly obtained at current densities up to approximately
500 A-m?, otherwise the transition to a localized y-mode can occur. It is worth mentioning
that, in the case of He-fed RF discharges, gas ionization can be considerably enhanced by the
Penning ionization of gas impurities or additives (such as nitrogen and oxygen) by He
metastables [71]. Penning ionization can contribute to achieve adequate electron production in
the sheath region promoting the transition from the a-mode and y-mode [71]. In the a-mode
stable and uniform glow discharges can be sustained over a wide range of RF powers at
interelectrode distances ranging from 0.5 to 2.5 mm, in noble gases such as helium and argon
(flow rates ranging from a few slm [70] to some tens of slm [69]), with only small additions
of molecular gases. Gas temperatures lower than about 200°C are reported for these discharge
[2,5,11,69].

Three basic bare electrodes configurations are schematized in Fig. 5: the first utilizes
concentric electrodes, while the second and the third present parallel electrodes which can be
solid or perforated. The coaxial jet in Fig. 5a represents the first AP RF plasma jet developed

and used for etching and deposition [31,72,73]. It consists of two concentric electrodes made
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of stainless steel; RF power is applied to the inner electrode. Water cooling can be used to
prevent excessive heating; in ref. [73] it was found that the effluent temperature of a jet
equipped with cooling jacket varied from 100 to 150°C, depending on the RF power. In reff.
[31,72] the etching of polymeric materials is carried out by using a He-O, mixture fed into the
annular space between the two electrodes at about 50 slm. The effluent exits the device
through a restricted nozzle at a velocity of 30 m s™. When the deposition of SiO,-like
coatings is carried out, a mixture of He and vapors of tetraethoxysilane (TEQS) is injected
downstream, through an independent inlet located before the jet outlet [73].

Fig. 5b shows a RF plasma jet with a classical parallel plate electrode geometry [5,70]; the
gas flows along the electrodes through the rectangular channel. Fig. 5¢ reports a most recently
developed jet, commercialized by SurfX technologies LLC [37]. It consists of two parallel
circular electrodes which are perforated (by 126 holes with 0.6 mm diameter [38]) allowing
the feed gas (He or Ar) to flow through them (flow rate of a few tens of slm). The upper
electrode is connected to the RF power supply, while the lower electrode is grounded. A third
perforated metallic plate is installed beneath the lower electrode. It contains an internal
network of channels and holes that allow to inject and mix thin film precursors downstream of
the plasma generation region. This plasma source is commonly called “showerhead plasma
jet” since it is provided with a showerhead outlet consisting of a circular honeycomb array of
sub-millimeter holes. Several works reported the use of this source for surface treatment

[38,74,75] and deposition of both organic and inorganic coatings [76-81].

Microwave discharges at atmospheric pressure can benefit from the stabilizing effect of
microwave excitation (usually at 2.45 GHz) on volumetric ionization [9]. Microwaves are, in
fact, often utilized to generate non-equilibrium plasma columns as well as moving and
extended plasmas proposed for instance for the treatment of the inner surfaces of tubular

structures of heat sensitive materials [9,82,83]. To date, few studies have been published on
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atmospheric pressure microwave-driven non-equilibrium plasma jets and, in particular, on
their utilization in surface processing [30,84,85].

A MW electrode-less jet, using a surfatron as excitation source, was presented by Schéfer et
al. [30] (Fig. 6a) for the deposition of SiO,-like coatings. The surfatron source is powered by
a microwave magnetron generator (2.45 GHz) connected via ferrite circulator, waveguide and
coaxial cable; the cable and the coaxial connectors limit the supplied power to 300 W. The
surfatron excitation source consists of a tuned coaxial resonant cavity, through which a fused
silica discharge tube (80 mm long, 6 mm and 8 mm inner and outer diameter, respectively) is
inserted. Another silica coaxial capillary with 1 mm diameter, located at the center of the
discharge tube, allows the downstream injection of a mixture composed by Ar and the vapors
of an organosilicon precursor (tetrakis(trimethylsilyloxy)silane, TTMS). The discharge is fed
with Ar (2.6 slm) which flows through the annular region between the two tubes. The
deposited coatings were characterized by O/Si atomic ratios between 1.6 and 2 and very low
carbon content (as determined by energy dispersive X-ray spectroscopy), while the deposition
rate varied between 600 and 1020 nm-min™. The cross-sectional scanning electron
microscopy (SEM) image in Fig. 6a evidences the presence of dendritic nanostructures.
These results were compared with the ones obtained by means of a RF plasma jet with similar
coaxial geometry (Fig. 6b), consisting of two external ring electrodes on a silica tube,
operated 27.12 MHz and at a lower power (6-15 W). A comparable chemical composition of
the films was achieved, but, as evident from the SEM image in Fig. 6b, smooth and dense
films were obtained at much lower deposition rate (6-24 nm-min™*). The largely different film
morphologies and deposition rates obtained with the two approaches were mainly ascribed to
the different power densities. In particular, the higher power densities in the MW discharge
seemed to promote oligometization and nucleation in the volume of the plasma, allowing the

formation of porous and nanostructured coatings at high deposition rates.
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2.2.3 Atmospheric pressure vs. low pressure non-equilibrium plasma operation.

Over the last decades, surface processing of materials by using low pressure (LP) non-
equilibrium plasmas has become strongly consolidated in a wide range of applications
including the areas of microelectronics, photovoltaics, optics, packaging, biomaterials. In
recent years, research efforts have increasingly shifted towards the development of
atmospheric pressure non-equilibrium plasma technologies. The main motivation in exploring
such field has lied in the benefits offered by the absence of vacuum systems, i.e., the reduced
cost of plasma reactors, the easier handling of apparatuses, the possible open-air operation.
However, the technological expectations have been accompanied by the growing awareness
of the specific features of AP non-equilibrium plasmas that differentiate them from low
pressure ones and can even restrict their utilization in surface processing.

A detailed comparison of low pressure and atmospheric pressure non-equilibrium plasmas is
beyond the scope of this review, however to better enlighten limitations and opportunities of
using AP non-equilibrium plasma jet technology in surface processing, in this subsection
some critical issues will be discussed.

Firstly, as already reported, due to the higher collisional frequency, it is by far more
challenging to maintain non-equilibrium plasma conditions at atmospheric pressure than at
low pressure. AP non-equilibrium plasmas face, in fact, a range of instabilities (e.g., thermal
instabilities [5,7]) which can cause discharge contraction, arcing and gas heating. Plasma
filamentation is often observed (as for instance in filamentary DBDs) and it can have negative
effects on the homogeneity of the surface treatment or of the deposited layers [11,12].

AP non-equilibrium plasmas used in surface processing are often fed by a main gas (or
dilution gas) and additives at generally low concentrations, as a function of the process to be
performed (i.e., etching, deposition, treatment) [11]. The careful selection of the feed mixture

composition can contribute to maintain non-equilibrium conditions and suppress gas heating
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at atmospheric pressure [7,9,11,12]. The discharge physics is primarily dictated by the main
gas, however the presence of additives can significantly affect the discharge regime [11].
Nobles gases, and in particular helium and argon (i.e., the less expensive noble gases), are the
most frequently utilized main gases. As reported by Fridman [8], noble gas fed plasmas
operate at significantly lower voltage and, therefore, lower power density, which helps to
avoid thermal instability. Helium is extensively for various reasons including (i) the low
breakdown voltage, (ii) the fact that homogeneous (filament-free) discharges are rather easily
obtained, (iii) the high thermal conductivity allowing a quick dissipation of local gas heating
[11]. Molecular gases, such as nitrogen and air, are sometimes also used as main gas, but
unfortunately, they are characterized by much higher breakdown voltages. In particular, the
presence of oxygen results in electron attachment, which causes higher operating voltage,
higher power, leading to thermal instability. The utilization of noble gases has important
implications in the running costs of atmospheric pressure plasmas since, differently from LP
plasmas, high main gas flow rates (up to several tens of slm) are very often needed to reduce
the residence time and limit gas heating as well as for cooling purposes [9]. Moreover, in case
of AP plasma jets, the high main gas flow rate can favor the plasma plume propagation in the
surrounding environment (see section 3.1.1).

The high collisional frequency is also responsible for the limited kinetic energy of ions in AP
non-equilibrium plasmas. At AP the kinetic energy of ions impinging on the surfaces is very
low because ions lose most of their kinetic energy in elastic collisions with the surrounding
gas, in the volume of the discharge as well as in the sheaths [11]. Consequently, in contrast to
what commonly obtained at low pressure, in AP non-equilibrium plasmas ion bombardment
does not consistently contribute to surface activation and etching. As far as thin film
deposition is concerned, the lack of an effective ion bombardment in AP plasmas makes the
production of dense and crystalline films very challenging at room temperature and also

precludes the utilization of the classical LP sputtering-based techniques. On the other hand, at
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atmospheric pressure, the defects generally induced on the treated surfaces and on the
deposited coatings by the ion bombardment are not observed [11].

An important advantage of atmospheric pressure operation that deserves to be discussed is the
possibility of igniting non-equilibrium plasmas into millimeter and submillimeter gaps and
cavities [14,15,86,87]. This is unlikely to occur under low pressure plasma conditions since to
achieve plasma ignition cavity dimensions should be consistently greater than the Debye
length. For instance, in case of a low pressure glow discharge, characterized by electron
temperature and density of 4 eV and 10*° cm™, respectively, the Debye length is estimated to
be 0.14 mm [47]. As a consequence, AP non-equilibrium plasmas offer unique opportunities
for the  processing of the inner surfaces of tubes and channels having inner diameter or
width ranging between a few hundred microns and a few millimeters [86,88]. The
atmospheric operation can also simplify the processing of porous materials and, more

specifically, the interior of sponges and scaffolds [87].

2.3. Low temperature arc jets used in surface processing

For the sake of completeness this review includes examples of arc-based plasma jets
successfully utilized for the surface treatment of polymers as well as for the deposition of both
organic and inorganic thin films. In principle, arc jets are plasma sources operating under
thermodynamic equilibrium and, therefore, characterized, by high gas temperatures. However,
recently, it has been shown that the adequate choice of the power supply and of the operating
conditions allows these sources to eject in the external environment a plasma characterized by
relatively low gas temperatures [89-104]. For instance, pulsed power supplies are used to
reduce the discharge current, while high speed vortex flows permit to spatially stabilize the
arc and associated downstream plasma [8].

To this class of plasma jets belongs the plasma source commercialized by Plasmatreat® [94—

104] reported in Fig. 7a [95]. The discharge is generated by applying a high frequency (19-23
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kHz) pulsed voltage to two tubular electrodes separated by a dielectric material. The generator
delivers a pulse-pause modulated current controlled by adjusting the plasma cycle time
(PCT); a PCT of 100% corresponds to a pulse duration equal to the pause duration. The
plasma jet is fed with air or nitrogen at flow rates ranging approximately between 30 sIm and
80 slm [95,102]; a vortex flow is produced within the device to promote the rotation of the
electric arc and prevent an irregular erosion of the metal housing. Thin film deposition can be
accomplished by injecting the precursor in the downstream region (to avoid thermal
decomposition of the precursors inside the source), before the source outlet nozzle (Fig.7a)
[95]; alternatively, the precursor can be injected below the source outlet [97].

Arefi and coworkers widely characterized this type of plasma source and optimized the
operational conditions for surface treatment of polymers (e.g., polyamide-6,
polydimethylsiloxane) [99,101] and deposition of various coatings (e.g., SiO-like, TiO,-like
coatings, acrylic coatings) [95-98,100]. Optimization of these sources in surface processing
requires a great care to reduce the heat loading on the exposed surfaces, in particular when
polymeric substrates need to be treated or organic thin layers are deposited [99,102].
Parameters to be optimized include the input power (depending on both the excitation
frequency and the plasma cycle time), the treatment duration, the source outlet-to-substrate
distance. Various methods were used to measure the gas temperature of the plasma exiting
from the source (e.g., optical methods and thermocouples measurements), the temperature of
the surfaces exposed to the discharge (e.g., thermal infrared imaging), the heat flux from the
plasma jet to the treated substrate (e.g., calorimetric probes measurements) [95,97,102,105].
In ref. [95] a thermocouple was introduced below the outlet nozzle, in the axis of symmetry
of the plasma source, to measure the gas temperature as a function of the distance from the
outlet and of the power transferred to the plasma (i.e., the PCT at fixed frequency). These
measurements permitted to obtain the response surface reported in Fig. 7¢c which shows the

increase of the gas temperature from about 200 to about 850°C by increasing the PCT from 30
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to 100% as well as by decreasing the distance from the exit from 22 to 12 mm. Under the
investigated conditions, the plasma plume ejected from the device has a length of about 21-
22 mm, as estimated by using a CCD camera (Fig.7b). The fluid dynamic behavior of the jet
was also studied and calculations showed that the gas flow regime (air flow rate of 40 sIlm) at
the source exit is initially laminar, while it becomes partially turbulent with the distance,

because of the reduction of the air viscosity upon cooling (see Fig 7c).

3. Features and specificities of AP plasma jets utilization in surface processing

While offering the possibility of bringing reactive plasma-generated species into the external
environment and even in open air, AP non-equilibrium plasma jets require considerable
efforts to be reliably and effectively utilized in surface modification of materials.

This section is aimed at presenting a range of general and specific aspects very important to
be taken into consideration in process optimization. First, the discussion will be dealing with
basic concepts and peculiarities associated with the remote operation of AP plasma jets,
including the characteristics and propagation of the plasma plume outside the device, the
influence of both the external environment and the substrate (section 3.1.). Then, the focus
will shift on issues related to localized small area surface processing of materials (section
3.2). Finally, the implementation of apparatuses and plasma sources for large area surface
processing will be discussed (section 3.3.). Examples will be selected from the scientific
literature to address a range of issues and challenges, which may arise in the optimization of

etching, deposition and treatment processes. For ease of understanding and comparability of
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results, the examples given in this section mainly concern plasma jets with coaxial geometry

and round-shaped exit, i.e., the most frequently used devices in surface processing.

3.1. Remote plasma processing of materials
Broadly, surface modification by non-equilibrium plasmas both at low and atmospheric
pressure can be accomplished by using two different approaches, i.e., the “direct” and the
“remote” approach. In the direct approach the substrate to be treated is located in the plasma
generation region, where it is directly exposed to the plasma [11,29]. In contrast, when the
remote approach is used, the substrate is located downstream of the plasma generation region
and , in the case of AP plasma jets, it is placed outside the plasma source, in front of the
source outlet (Fig. 1). It is important to specify that the contact between the plasma and the
substrate is not mandatory when AP non-equilibrium plasma jets are used and, in fact, it is
possible, to distinguish between two basic operation modes:

(i) The “contact” or “touch” mode, in which the plasma plume extends well beyond the
source outlet and physically touches the substrate. This approach is the most commonly
utilized in surface processing and exploits plasma source designs and operational
conditions allowing the plasma plume to extend as necessary to actually intersect the
substrate surface [29].

(if) The “non-contact” or “non-touch” mode, in which the plasma decays prior to reaching
the substrate surface which is, consequently, exposed only to the long lifetime species
formed by plasma and transported by the gas flow out of the source [29]. This approach
can be used when soft reactive conditions are needed to process very sensitive substrates
or to obtain mild surface modifications. It would be also preferable when discharge
localization and filamentation at the substrate surface induce the undesired local
overgrowth of a thin film or the formation of damaged areas due to localized substrate

etching [106]. The non-contact operation mode can be implemented, for instance, by
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keeping the plasma source far enough from the substrate or by using designs and/or

experimental conditions able to reduce the propagation of the plasma, that in some cases

does not even exit out of the device [107,108].
It is important to point out that the above classification is generally based on naked-eye
evaluations or imaging investigations (e.g., high-speed imaging techniques) of the plasma
during device operation. Therefore, the accuracy with which it is possible to distinguish
between the “contact” or “non-contact” operation modes strictly depends on the method used.
It follows that, in case of naked-eye observations of weakly luminous plasma plumes, the
confident identification of the operation mode can be tricky and the use of high-sensitivity,
high-speed imaging techniques is definitely recommended.
The remote operation of AP non-equilibrium plasma jets offers different advantages. First of
all, it affords the surface modification of complex and/or big 3D objects [109—-111]. This is
very often practically unfeasible by using the direct approach, because the narrow gas gaps,
typically needed for non-equilibrium plasma generation at atmospheric pressure, impose strict
limitations to the shape and dimension of the substrates that can be located in the plasma
generation region. The remote approach is generally acknowledged to greatly simplify the
surface modification of curved (e.g., cylindrical or tubular objects) or very thick substrates
[88,106,112,113]. The direct processing of such types of substrates can, in fact, be trickier
because it can imply important changes to the electrode assemblies and/or to the experimental
conditions. By using the direct approach, the surface modification of curved objects can
require purposely designed electrode assemblies [114]; while, an excessive increase of the
applied voltage can be needed for plasma generation when DBDs are used for the direct
processing of very thick dielectric substrates. In contrast, curved and thick substrates can be
processes by using AP plasma jets without the need of changing either the plasma ignition

conditions or the device geometry.
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Promising results have been recently reported on the plasma penetration into narrow tubes
suggesting possible applications of AP plasma jets for the processing of the inner surfaces of
tubes and, more generally, of cavities.  Onyshchenko et al. [88] used an AP plasma jet to
explore the plasma plume penetration inside narrow tubes (inner diameter in the range 0.28-
3.00 mm) and the treatment of their inner surfaces to impart hydrophilic character. The
plasma penetration was affected by the inner diameter of the tube and that the maximum
plasma propagation of 25 cm was obtained for a diameter of 1.02 mm. Indeed, unique
opportunities are offered for the surface modification of both the inner and outer surfaces of
tubular substrates as very recently reported by Chen et al. [112], which used an Ar fed AP
plasma jet to modify the outer surfaces of a polymeric tube and, meanwhile, to induce a
“transferred” plasma inside the tube to modify its inner surfaces [112,113,115].
Unfortunately, to our best knowledge, no comprehensive studies on etching and deposition
into narrow tubes and cavities have been published so far. Moreover, as far as the AP plasma
jet processing of complex-shapes objects is concerned, there are not examples in the literature
reporting a detailed investigation of the uniformity of deposition processes as well as showing
results on coatings conformity.

In addition, due to their remote operation, plasma jets offer a valid plasma tool for the
maskless local surface processing of materials (subsection 3.2). They are in fact able to
modify only the region of the substrate surface, actually interacting with the plasma plume or,
more generally, with the reactive species formed by plasma and present in the gaseous
effluent. Unfortunately, this peculiarity highlights the well known limits of plasma jets for
the uniform treatment of large area surfaces; however, strategies can be implemented to
circumvent this problem, for instance, through the displacement of the plasma jet and/or of
the substrate, as well as by using arrays of plasma jets (subsection 3.3).

It follows from all these considerations that, beyond doubt, from the technological point of

view, AP plasma jets are among the most compatible plasma sources with continuous
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automated production; indeed, offering remote operation in combination with atmospheric
pressure and even open-air conditions, they can be also more easily integrated into existing
production lines.

However, while appealing, surface processing of materials by using AP non-equilibrium
plasma jets can suffer some inevitable disadvantages associated with their peculiar remote
operation. Great care and attention are, in fact, required in process optimization, since many
factors can affect the characteristics and behavior of the plasma launched outside the device,
and interacting with both the surrounding atmosphere and the substrate. All these issues will

be addressed in the following subsections.

3.1.1. Plasma plume characteristic features and propagation behavior

The reliable utilization of an AP non-equilibrium plasma jet device in surface processing
requires, first of all, the basic knowledge of the main features and general behavior of the so
called “free plasma plume”. This can be defined as a plasma plume launched into a stagnant
gas at atmospheric pressure and room temperature, while no substrate is located downstream
of the device outlet, neither a front plate or side walls are present at the source exit or around
the source, respectively. This basic knowledge can allow, in a second moment, the better
understanding of the influence of both the external environment and the nature of the
substrate on the plasma plume characteristics and dynamics.

Since both the composition of the plasma jet feed gas and of the surrounding atmosphere can
play an important role in defining the general behavior of the plasma plume in open space
[116], it seems important to point out that the examples discussed in this subsection
specifically relate to AP non-equilibrium plasma jets fed with helium or argon and operated in
open air. Aspects more closely linked to the influence of the surrounding gas composition will

be discussed in detail in the next subsection (section 3.1.2).
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Some preliminary considerations can be made to highlight that both controlling and handling

the plasma outside the physical boundaries of the jet are not trivial tasks:

— The jet device launches the plasma plume in the open space, where the applied field is
normally quite low and where, therefore, the plasma can be hardly sustained.

— The atmospheric pressure operation promotes the rapid recombination of the charged
species, which can even cause plasma extinction immediately beyond the source exit.

— The inevitable diffusion and mixing of the surrounding gas with the gaseous effluent of the
device can significantly alter the plasma plume characteristics and propagation behavior.

— The utilization of high gas flow rates, very often associated with AP plasma jets operation,
does not necessarily enhance the plasma plume propagation through the external
environment. High velocity gas injection into a stagnant (or still) gaseous medium can
induce various phenomena related, for instance, to the formation of turbulent flow
regimes, which can severely destabilize and reduce the plasma propagation as well as
cause significant entrainment of the surrounding gas.

The primary issue generally taken into account when dealing with a free plasma plume

concerns its overall appearance and dimension. Images in Fig. 8a and b allow appreciating the

roughly conical shape of the plasma plumes emitted in ambient air by two different devices
fed with helium [117]. This is the typical appearance of plasma plumes produced by plasma
jets featuring a circular outlet, fed with noble gas and operated in open air. However, different
and more complex shapes have been very often reported as in the case of multidart, brush-like
and crockscrew-like plumes which may form as a function of the plasma source and the

experimental conditions utilized [118—121].

Broadly, the shape and dimensions of the plasma plume can be affected by the jet design, the

electric field geometry, as well as by the experimental conditions such as the gas flow rate,

the feed gas composition and the discharge excitation parameters (e.g., excitation frequency,
applied voltage, input power, discharge pulsing parameters) [118—127]. The scientific
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literature shows that many efforts have been made to find strategies to increase the length of
the plasma plumes [124] as well as to enlarge or narrow their cross-section perpendicular to
the plasma propagation direction [33—35,128].

Among the various operational parameters of an AP non-equilibrium plasma jet, the gas flow
rate has undoubtedly a key role in the propagation dynamics of the plasma outside the source
and, significantly affects both the shape and length of the plasma plume, as very often
revealed by simple naked eye observations. Depending on the device, the length of the
plasma plume emerging from the jet outlet can be varied from a few mm to several cm as a
function of the gas flow rate, keeping constant all other experimental parameters. The
variation of the gas flow rate can also induce changes of the plasma plume shape which often
verify when discontinuities occur in the variation of the plume length with increasing the gas
flow rate [118—122,127]. In most cases, the plasma plume exits the device with conical shape
and its length increases as a function of the gas flow rate until a critical value is reached.
Above this flow rate value the plume length starts decreasing, and a more complex plume
shape can appear (e.g., brush-like shape or a corkscrew-like shape) [118—122,127]. These
evidences generally indicate the occurrence of a transition from a laminar to a turbulent gas
flow regime. For any given plasma jet device, the critical flow rate value at which this
transition occurs can vary as a function of the discharge electrical parameters (excitation
frequency, applied voltage, pulsing parameters, etc.). Structural changes in the plasma source
architecture (involving the design of the gas canal and of the source outlet, the position of the
electrodes, etc.) can also significantly alter the gas flow regime.

For illustrative purposes, Fig. 9 reports the influence of both the gas flow rate and the pulse
repetition frequency on the shape and length of a plasma plume as well as on the gas flow
regime of an AP non-equilibrium plasma jet [121]. Results are obtained using a device
operated with a HV pulsed power supply and characterized by a coaxial geometry consisting

of a single HV electrode (i.e., a stainless steel needle with a diameter of 100 um), inserted in
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the center of the quartz tube (1 mm inner diameter). The distance between the tip of the HV
electrode and the exit of the quartz tube is 15 mm. A digital camera is utilized to capture
plasma plume photographs with exposure time of 1/10 s, while Schlieren imaging is used to
investigate the gas flow dynamics [121] and, more specifically, to reveal refractive index
variations due to density gradients in the gaseous medium. In the specific case of a He fed
plasma jet operating in open air [121], these density gradients are associated to the presence
of air rich and helium rich regions [118].

The pictures of the plasma plume reported in Fig. 9 indicate that, at 8 kHz, the length of the
roughly conical plasma plume increases when the gas flow rate is increased up to 2 sIm; at 2.5
sIm plume shortening occurs and some disturbances are evident at the plume tip [121]. The
flow rate value at which plume shortening and disturbances appear decreases with decreasing
the frequency from 8 kHz to 3 kHz. Schlieren images show that without plasma, turbulence
appears at gas flow rates above 2 sIm; in fact, at 2.5 sim (Fig. 9d) a transition from a laminar
to turbulent flow regime can be appreciated at a certain distance from the outlet of the quartz
tube. In particular, the gas flow exits the device in laminar regime and a laminar region
establishes near the device outlet; this region has a certain length (also referred to as laminar
length) after which the transition to a turbulent regime occurs [121]. The turbulence, and
more specifically the formation of large and small eddies, is responsible of both entrainment
and mixing of the surrounding medium (air in this case). When plasma is ignited at 8 kHz,
instabilities in the laminar flow regime and turbulences appear at gas flow rates above 1.5
slm; the laminar length decreases by increasing the flow rate, namely the laminar to turbulent
regime transition occurs closer to the source outlet. Moreover, keeping constant the flow rate,
the laminar length decreases by decreasing the frequency. Interestingly, in all cases, the
disturbance at the tip of the plasma plume seems to verify approximately where the turbulent
regions begins. It can be, in fact, observed for experimental conditions in which the plasma

plume tip reaches the transition region between laminar and the turbulent flow regime (e.g.,
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for a flow rate of 2 slm this occurs only at 3 kHz and 5 kHz, because at 8 kHz the plume
length is shorter than the laminar length).

The understanding of the above described evolution of the shape and length of the plasma
plume as a function of the gas flow rate, first of all, requires the knowledge of the flow
characteristic of free gas jets formed into a constant pressure region downstream of a nozzle
with a circular exit (i.e., circular gas jets). The observed gas flow regime (or pattern)
primarily depends on the initial conditions of the gas jet, namely on the Reynolds number
which, in turns, depends on the nozzle exit diameter and the gas velocity at the nozzle exit
(i.e., the initial gas velocity). Transitions between different flow regimes can be observed as a
function of the Reynolds number for any given nozzle [129—-131]. For instance, several
publications on gas jets agree that if the Reynolds number is less than 500 the gas jet is
laminar (i.e., dissipated laminar jet or fully laminar jet); while at Reynolds number greater
than about 500, the gas jet is semiturbulent, i.e., it is characterized by a laminar length after
which it becomes turbulent. This laminar length decreases with increasing the Reynolds
number and, for Reynolds number greater than about 2000, the flow regime becomes
turbulent very close to the exit.

It is very important to emphasize that the above reported threshold values should be
considered as indicative only, because a certain dependence on the nozzle geometry and
length (profiled nozzle, pipe nozzle, etc.) has been observed. Moreover, gas buoyancy (e.g.,
in case of a helium jet in air [132,133]) and heating can also influence the characteristics of
the flow regime and favor the entrainment and mixing of the surrounding gas [95,133].
Moreover, as evident in Fig. 9, in case of AP plasma jets it is extremely important to be aware
that plasma ignition can induce changes or instabilities in the gas flow regimes. Plasma
ignition can, in fact, promote the transition from laminar to turbulent regime (see Fig. 9b and
c) or affect the transition from the two regimes causing either a decrease (as shown in Fig. 9d)

[118,121,134] or increase [118] of the laminar length. Moreover, as shown in a recent study
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on high-speed Schlieren imaging of a nanosecond pulsed non-equilibrium plasma jet [127],
plasma ignition can cause fluid dynamic instabilities (i.e., a transient turbulent structure)
correlated with the high voltage pulses and moving in the direction of the jet flow. These
examples allow to understand why, considering the wide range of plasma jets configurations
and power supplies utilized, several singularities and deviations from the most common
trends can be found in the literature on the propagation behavior of plasma plumes emitted by
AP non-equilibrium plasma jets.

Interestingly, the experimental study reported in ref. [117] revealed that, in plasma jets, a
fruitful interplay may exist between the gas flow field and the electric field. This study was
carried out by using the two different plasma jets reported in Fig. 8 and enlightened that the
electric and gas flow fields can act synergistically to enhance the propagation and
characteristics of the plasma plume as well as the efficiency in the etching of polymeric
materials. The first plasma jet (Fig. 8a) had a coaxial electrode configuration with a central
powered electrode of 1 mm diameter and a grounded outer electrode wrapped around a 4 mm
diameter quartz tube. This jet had, therefore, a cross-field configuration with its electric field
perpendicular to the feed flow field (i.e., electric field being in radial direction and gas
flowing in axial direction). The second device (Fig. 8b) consisted of a single powered
electrode wrapped around an identical quartz tube (4 mm) and presented a linear-field
configuration having parallel electric and flow fields (i.e., both electric and flow fields in axial
direction). Both jets were fed with He (flow rate of 10 sIm) and operated with a fixed input
RF power of 15 W (4 MHz). In the cross-field jet the discharge appeared very intense in the
interelectrode region and much weaker outside the quartz tube (plume length of 8.9 mm from
the source exit). In contrast, in the linear-field jet the discharge was less intense inside the
quartz tube, but its intensity remained high over a longer plume length (12.6 mm outside the
tube). The continuous decay of the plasma plume ejected by the cross-field plasma jet

indicated that in this device the rapid oscillation of the RF excitation voltage imparts a
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radially directed momentum on electrons, making difficult for electrons to be transported
axially toward the downstream region. In the linear-field jet, however, the electric field is
largely in the axial direction and, hence, imparts an axially directed momentum to electrons.
Consequently, in the linear-field device, axial electron transportation to the downstream
region is enhanced and this results in a longer and more reactive plasma plume. These
evidences are corroborated by results on the etching of polyamide by using He-O, feed
mixtures. Fig. 8c shows that, for both jet devices, the etch rate increases with the oxygen
concentration in the feed and is higher in the case of the linear-field jet. At 0.1% O, etch rates
of 118 pm'min™ and 9 pm-min” were obtained with the linear- and cross-field jets,
respectively. The linear-field jet is, therefore, able to achieve 13-fold greater etch rates than
the cross-field one, as well as higher ozone concentrations in the plasma plume.

Lastly, in the context of this subsection, mention should be made to the fact that, as revealed
by high-speed imaging investigations, the plasma plumes emanated from AP non-equilibrium
plasma jets excited by AC or pulsed power supplies have a discrete nature. In fact, although
they typically appear as a luminous continuum to the naked eye, they are actually formed by
propagation of a series of ionization waves (IWSs) travelling with velocities in the range 10*
10° m-s™, much greater than the gas velocity (some tens of m-s™) [4,58,135-138]. The
ionization wave fronts are typically characterized by a ring-shaped structure [4,58,137]. They
propagate, first, through the device canal and, then, through the gas channel formed in the

surrounding atmosphere by the gas flow exiting the device, until the ionization wave dies.

3.1.2. Influence of the surrounding atmosphere

Beyond doubts, the possible influence of the surrounding environment on the final
performances of the plasma processes remains one of the most critical issues in surface
modification by using AP non-equilibrium plasma jets in both contact and non-contact mode.

The remote operation of plasma jets inevitably implies the interaction of the plasma plume
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and, more generally, of the gaseous effluent with the surrounding gas. In particular, species

from the surrounding atmosphere can diffuse into the effluent inducing changes in its

chemical composition which, in turn, can significantly affect both the propagation of the
plasma plume and the nature and concentration of reactive species formed in the plasma.

Moreover, the formation of turbulent flow regimes and associated eddies (see subsection

3.1.1) can cause significant entrainment and mixing of the surrounding gaseous medium,

enhancing the interaction of the plasma plume with the external atmosphere.

Basically, as far as the conditions of the external environment are concerned, when used in

surface processing, AP non-equilibrium plasma jets can be operated either in controlled

atmosphere or in open air:

(i) The controlled atmosphere plasma processing requires the utilization of an airtight
chamber in which the plasma jet device is located [41,108]. Before each plasma process,
the chamber is evacuated [108] or purged with high flow rates of a gas (which usually
corresponds to the discharge gas) [41], to reduce air and water vapor contaminations.
This approach allows having a good control of both the composition and pressure of the
atmosphere surrounding the jet during the plasma processes, however, it generally
involves an increased cost of apparatuses and processes, associated with the utilization of
either vacuum pumps or high purging gas flow rates.

(if) The open air plasma processing involves merely the operation of the plasma jet in humid
ambient air. Open air operation undoubtedly implies less expensive apparatuses and
processes; however, additional efforts may be required for process optimization to reduce
air entrainment and to obtain reliable and reproducible results. This is especially true in
the case of plasma processes suffering from the inevitable compositional fluctuations of
ambient air due to relative humidity variations. Strategies have been implemented to
protect the plasma from the surrounding air; for instance, plasma jets can be equipped

with a shielding gas device able to produce a gas curtain (or shroud) with a defined gas
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composition around the plasma plume. This permits to control the atmosphere

surrounding the active effluent region of the plasma jet during its operation [139] and

minimizes the mixing between the central plasma plume and the ambient air.
As expected and evident from the scientific literature, most processes utilizing AP plasma jets
for surface modification are carried out in ambient air. However, open air operation can
induce undesirable effects especially when the plasma jet devices are fed with a gas different
than air, such as a noble gas (i.e., helium or argon), and/or used in processes particularly
sensitive to oxygen, nitrogen and water vapor. Broadly, diffusion and entrainment of these
species can lead to undesired oxygen and nitrogen uptake [140] at the plasma-treated
surface as well as adversely affect the efficiency of plasma processes in terms, for instance, of
deposition and etching rates [141]. Therefore, to better address the main critical issues and
challenges associated with open air operation in surface processing, in this subsection the
discussion will remain focused on the scientific literature on AP plasma jets fed with a noble
gas, also containing low concentrations of reactive additives.
The first point that needs to be examined concerns the key role played by the surrounding air
in determining the propagation behavior of the plasma plume in open space [116]. Due to the
mixing with ambient air, the gas composition inside the plasma plume emitted by a plasma jet
varies both in axial and radial directions [29,123,138,142,143]. This, first of all, can reduce
the propagation of the ionization wave front [29,115,142] and the lateral spreading of the
plasma plume [142]. In general, it can be said that there is a finite distance of propagation of
the ionization wave in open space [29]. For instance, since helium has a lower self-
sustaining E/N (electric field/gas number density) than N, and O, air mixing in He causes an
increase of the self-sustaining E/N which is larger in locations where air concentration is
larger. As a consequence, an ionization wave propagating through a He plume in ambient air
dies as the air contamination within the plume increases the self-sustaining E/N at values

greater than the local E/N [29]. Moreover, the He plasma plume does not spread laterally
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because the ionization wave are guided through the gas channel formed by the He flow
exiting the device and in which the self-sustaining E/N is inevitably lower [142]. Recent
results from experimental and computational investigations of He-fed plasma jets allowed
proposing that negative ions formed from O, in the mixing layer between the He stream
exiting the device and air contribute to a focusing of electrons towards the jet axis (i.e.,
electrostatic focusing mechanism) [144]. They consequently promote to the propagation of
guided ionization waves through the helium channel [144].

The diffusion and entrainment of humid air into the plume is also accompanied by the
formation of various highly reactive oxygen and nitrogen species (RONS) such as oxygen
atoms, singlet molecular oxygen molecules (O, (1Ag)), hydroxyl radicals (OH), hydrogen
peroxide (H,O,), ozone (O3), various nitrogen oxides (NO, NO;, N,O, N2Os), nitric acid
(HNOg3). Oxygen atoms and radicals, for instance, have very short lifetimes and, therefore, are
effective only inside or in close vicinity of plasma [8]; while ozone, hydrogen peroxide and
nitrogen oxides are long-living reactive species and thus can react even far from the plasma
zone where they are generated. The formation of RONS was reported in numerous
spectroscopic studies of the plasma phase, in which the evolution of the chemical
composition of the plasma plume propagating in open air was investigated [140,145-147].
Experimental studies on the utilization of AP non-equilibrium plasma jets fed with noble
gases for the treatment of polymeric materials revealed that oxygen and nitrogen species
formed in the gas phase due to air mixing can react at the surface of the substrates affecting
their final chemical composition and, specifically, producing nitrogen and oxygen-bearing
functional groups [104,137,145-147]. These can be very informative about the specific
RONS active at the surface [108,140,148-150].

For instance, Vogelsang et al. [140] investigated the treatment of polystyrene substrates by
using an argon-fed microplasma jet, focusing on the effects of air entrainment. X-ray

photoelectron spectroscopy (XPS) analyses confirmed that the plasma treatment leads to the
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uptake of both oxygen and nitrogen at the polymer surface. Interestingly, the high resolution
N 1s XPS spectrum of the plasma-treated polymer revealed the presence of oxime (C=N-
OH), nitroso (C-NO) and nitrate (C-O-NO;) functional groups, whose formation was
ascribed to the reaction of nitrogen monoxide (NO) with alkyl radicals produced on the
polymer surface.

Examples in the literature show that the surrounding atmosphere can significantly alter the
final performances of plasma processes. This was reported in the case of the PECVD of
fluorocarbon coatings [141] carried out by using a RF plasma jet fed with argon and
octafluorocyclobutane (c-C4Fg) and operated in either nitrogen or air atmosphere. XPS
analyses revealed that the chemical composition of the coatings does not change appreciably
for the two different atmospheres; however, a significant decrease of the deposition rate from
2 to 0.5 ug s was observed passing from the nitrogen to the air atmosphere indicating the
detrimental effect of oxygen.

The influence of the surrounding atmosphere was evaluated in a recent study regarding the
decomposition of platinum (1) acetylacetonate ([Pt(acac),]) to form Pt nanoparticles on
carbon black (CB) by using an Ar-fed RF plasma jet (Fig. 5¢) operated in open air [75]. A
mixture of the organometallic precursor and carbon black powder was pressed onto a copper
tape and treated using two different configurations: (i) in the “open configuration” the tape
was fixed on a glass slide placed at a distance from the jet of 3 or 10 mm; (i1) in the “confined
configuration” the tape was placed at the bottom of a 10 mm high crucible, positioned against
the plasma jet. XPS analysis showed that the platinum, oxygen and carbon surface atomic
concentrations of the as prepared [Pt(acac),]/CB mixture were about 0.3%, 6% and 93%,
respectively. The plasma treatment increased the platinum and oxygen atomic concentrations,
and reduced the carbon content. For processes performed in the open configuration, by
increasing the distance from 3 mm to 10 mm, the XPS Pt percentage decreased from 9.9% to

3.5%, the C concentration increased from about 72 to about 78% and the oxygen

42



concentration remained constant at about 18%. No metallic platinum was present in the
sample placed at 10 mm distance from the jet; the high resolution XPS Pt 4f spectrum
showed, in fact, only the Pt(ll) and Pt(IVV) components. The minor degradation of the
[Pt(acac),] organic component and the Pt(ll) oxidation to Pt(IV) at 10 mm of distance from
the jet were correlated with the optical emission spectroscopy (OES) measurements that
indicated a consistent drop of the excited Ar species due to collisions with molecules of the
surrounding atmosphere. In contrast, in the confined configuration, the Pt content reached
11.4%, the oxygen content was lower than in the open configuration (13%) and a higher
amount of metallic platinum was present (75% of Pt was under metallic form). Therefore, it
was concluded that the confined configuration is able to minimize the influence of the air
contamination, reducing the reaction between the oxygen present in the external environment
and the excited species formed by plasma.

Liu et al. [151] examined the influence of environmental humidity on the chemical
composition, roughness and wettability of ultra-high-modulus polyethylene (UHMPE) fibers
treated by an He-fed RF plasma jet (Fig. 5¢). With increasing the relative humidity from 5%
to 100%, an increase of both oxygen containing groups grafted on the surface and roughness

was observed, leading to a higher wettability of the plasma-treated fibers.

3.1.3. Influence of the nature of the substrate

The characteristics and the propagation behavior of the free plasma plume can change
significantly when a substrate is placed in front of the device outlet. Itis, in fact, essential to
be aware that, although not located in the plasma generation region, the substrate cannot be
considered as a passive object, especially when plasma jets are operated in contact mode.

Both experimental and modelling studies [141,152-160] demonstrated that the electrical
properties of the substrate play a prominent role in determining the dynamics of the plasma-

substrate interaction. More specifically, the conductivity and permittivity of the substrate
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material can significantly influence the properties of the impinging plasma plume and can
affect-the plasma propagation towards the substrate, its spreading on the substrate surface as
well as the gas flow characteristics [127,141,153,156,158]. Numerous studies highlighted that
the plasma plume sensitivity to the electrical properties of the surface being treated derives,
firstly, from the fact that when touched by the plasma the surface becomes an element of the
electrical circuit of the plasma jet [141,153,155,156,160].

As shown by published works reporting the experimental investigation of the plasma
plume/substrate  interaction  through high-speed time-resolved imaging, discharge
localization and formation of intense and constricted discharge channels commonly occur on
metal substrates [152,156,158,160]. In contrast, the plasma generally spreads on the surface of
dielectric substrates, remaining less intense and more [152,155-158,160]. Bornholdt et al.
[152] investigated the interaction of the plasma plume, emitted by a coaxial RF plasma jet
with a dielectric and a metal substrate, i.e., a glass and copper plate, respectively. The plasma
jet utilized in this work is a commercially available device known under the name kINPen
and developed by the Leibnitz Institute for Plasma Science and Technology (INP,
Greifswald, Germany) and neoplasm tools GmbH. In ref. [152] the device was operated at
1.7 MHz, input power of 65 W, and peak-to-peak voltage in the range 2.5-3.5 kV. High speed
imaging allowed the region of interaction between the plasma and the substrate to be
observed. In the case of the copper substrate, significant fluctuations of the intensity and
position of the discharge were observed and associated to the formation of intense discharge
channels (i.e., filaments). In contrast, in the case of the glass plate there was no evidence of
filaments formation and the discharge appeared less intense and more homogeneous.
Hofmann et al. [156] utilized time and spatial resolved optical and electrical methods to
characterize RF driven plasma jets operated in contact (i.e., contact operation mode)with
substrates of different conductivity and permittivity (i.e., water, aluminum and glass). Typical

electrical conductivity values for are water, aluminum and glass are 0.025, 1-10” and 1-10™%*
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S'm™, respectively; while, water and glass permittivity are respectively 80 (at 1 GHz and

20°C, distilled water) and 4.9 (at 1IMHz). Two different electrode configurations were
studied, i.e., a linear-field and cross-field configuration; for the former the effect of both
continuous RF and kHz pulsed excitation was examined. In all investigated cases a
significant increase of both the dissipated power and gas temperature was observed when the
plasma interacted with water and aluminium. More specifically, the time resolved plasma
imaging and the power dissipated measurements indicated that the increase of power is only
starting the moment the plasma touches the conductive substrate (power increase up to a
factor of 3). The increase of power was attributed to a change of the equivalent electrical
circuit, leading to a more favorable matching between the power supply and the plasma
source. In addition, when in contact with a conductive substrate, in all cases the gas
temperature of the plasma jet increased by up to 80°C.

Ref. [153] reported the computational investigation of a plasma plume ejected from an AP
plasma jet (coaxial configuration similar to that of the above mentioned KINPen) sustained in
a He/O, mixture, flowing into humid air, and impinging onto a surface in contact with ground
and whose electrical properties were varied. In particular, dielectric surfaces with relative
permittivity ranging from 2 (typical for polymers) to 80 (typical for liquid water) were taken
into consideration, along with a grounded metal surface. Results showed that the relative
permittivity of the surface significantly affects the discharge dynamics as well as the
production of charged and reactive species. The increase of the relative permittivity enhances
the speed of the ionization wave towards to the surface, increases the electron temperature as
well as the electron and ion density in the plasma column. Therefore, a more conductive
channel is formed between the inner pin electrode and the treated surface. The higher
electron density and temperature in the conduction channel and at the surface increase the
production of reactive neutrals (e.g., atoms, radicals, metastable species) that can be of

interest in surface processing. In contrast, a lower permittivity of the substrate results in a
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weaker ionization wave with lower production of charged species and reactive neutrals within
the conductive channel and on the surface. However, low values of relative permittivity
promotes the penetration of the electric field into the treated material, as well as the formation
and propagation of a surface ionization wave, which enables greater spreading of the plasma
along the surface [153,159].

These findings complement with the experimental evidences reported by Vogelsang et al.
[141] regarding the deposition of fluorocarbon coatings on substrates with different
permittivity by using a RF plasma jet fed with argon-octafluorocyclobutane mixtures.
Specifically, an aluminum foil, a silicon wafer and a polystyrene (PS) sheet were selected as
conductor, semiconductor and dielectric substrates, respectively. In case of the Al substrate,
thin film deposition occurred only when the input power was greater than 30 W, which
corresponded to the minimum power required to allow the discharge to come into contact
with the substrate. Under these conditions a strong localization of the discharge was observed
in the form of three constricted and intense discharge channels. As a consequence, the
deposition on the metal substrate was found to be very inhomogeneous and showed a
distinctive pattern consisting of three deposited patches where a high local growth rate (2.4
um-min™) was obtained. When the Si wafer was used under the same experimental
conditions, the deposition rate decreased while the deposited area appeared to be more
homogeneous. In contrast, in case of the PS substrate, no deposition could be achieved at all.
The authors rationalized these results hypothesizing that at the input power of 30 W, when
the discharge comes into contact with the Al or Si substrate, a transition from a a-mode to a
y-mode occurs in the discharge zone between the orifice of the jet and substrate surface. The
prerequisite for the formation of the y-mode appeared to be the utilization of a conductive
substrate, that touched by the discharge can enter to be an element in the electrical circuit of
the plasma jet, specifically acting as second grounded electrode. The deposition of the

fluoropolymer occurred only on metallic and semiconductor substrates which allowed the
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formation of the constricted and localized y-mode able to produce an increase of the
concentration CF4 radicals in the close vicinity of the substrate. In the paper a simplified
equivalent circuit diagram of the jet—substrate system is presented to clarify the observed
dependence of the discharge regime on the choice of substrate material conductivity.

Very recently, Wang et al. [160] reported an experimental study on the temporal and spatial
evolution of the interaction between the plasma plume emitted by a He-O, fed plasma jet and
samples consisting of a 4 pm thick parylene-C film deposited on three different substrates,
i.e., Si, Cu and glass substrates. It was found that the conductivity of the substrate material
significantly influences the interaction of the plasma with the sample and determines different
etching mechanisms of the parylene-C film. In particular, as clearly evident in the discharge
pictures taken at different etching times in Fig. 10a-c, when the parylene-C film is deposited
onto a glass substrate discharge spreading occurs. The optical microscope images of the
etched holes and the corresponding depth profiles (Fig. 10d-f) show that the diameter of the
circular etched region (about 900 um) remains constant with increasing the etching time,
confirming that the polymer is gradually etched with a layer-by-layer mechanism. In contrast,
when the polymer is deposited on Si or Cu substrates, initially the plasma spreads on the
surface and a layer-by-layer etching occurs (Fig. 10g corresponding to a Si substrate). Then
at a certain treatment time (12 s for a Si substrate) the film is completely removed at a point
near the center of the plasma plume on the surface, as evident from the optical microscope
image and “V” shape depth profile in Fig. 10h. From then on, the plasma remains confined in
the etched hole, directly coupled to the conductive substrate, and its luminous intensity and
the dissipated power increase. Under these conditions the plasma starts to etch the film in
radial direction producing a progressive enlargement of the etched hole diameter up to about
600 pum (Fig. 10i).

Finally, another very important aspect to be considered is the influence of the substrate

relative permittivity on the flow dynamics of the impinging plasma plume, that has been
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experimentally investigated through Schlieren imaging by various authors. Boselli et al.
[127] reported the critical role of the substrate nature on the gas flow regime of a He fed
nanosecond pulsed plasma jet with single-electrode geometry. As reported in Fig. 11a and b,
they observed a drastic decrease of the turbulent behavior of the gas flow of the plasma jet at
the impinging region passing from a bare metallic substrate to one covered by a dielectric
layer. They were also able to track turbulent front propagating along the metal substrate
surface by using high speed Schlieren imaging. On the other hand, in case of a He fed
microsecond pulsed plasma jet device with coaxial DBD electrode configuration, Robert et al.
[118,132] observed a significant modification of the helium flow behavior when the plasma
was ignited in the presence of a metal target downstream of the source outlet, resulting in a
channeling of the He flow towards the target (Fig. 12a and b) [132]. Gas flow channeling after
plasma ignition (Fig. 12b) was able also to reduce buoyancy effects associated to the low
density of helium, which can diffuse in the ambient air, flowing preferably in upwards
direction without plasma (Fig. 12a) [132]. More pronounced channeling was observed when
the metal substrate was grounded rather than floating. These experimental results suggest a
more effective transport of reactive plasma-generated species to the substrate during plasma
processes and allow envisaging the possibility of tuning the plasma-substrate interaction

through substrate biasing.

3.2. Localized small area surface processing

The localized surface modification of materials is considered one of the most peculiar
applications of AP non-equilibrium plasma jet technology.  As already mentioned in the
previous sections, plasma jets are able to modify only a small area of an unmasked surface,
corresponding to the region of the substrate surface interacting directly with the plasma plume
or, more generally, with the reactive plasma-generated species present in the gaseous effluent

of the device.
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The localized surface modification can be, for instance, realized by using plasma jets with
circular outlet in two basic operation modes: (i) keeping both the source and the sample in
fixed position to obtain, generally, plasma-treated circular spots (i.e., static operation mode)
[35,107]; (ii) moving either the plasma source or the sample at a controlled scan speed along a
line to obtain a plasma-treated track (i.e., dynamic operation mode) [161,162]. The diameter
of the treated spots and the width of the treated tracks can vary from a few microns [34,35] to
a few millimeters (very often less than 10 mm) [41,163] and are roughly dictated by the
diameter of the device outlet. It is, in fact, widely acknowledged that they can be considerably
greater than the device outlet diameter and vary significantly with the experimental conditions
such as the source-to-sample distance, the gas flow rate, the discharge electrical excitation
parameters, the process duration, the displacement speed. Also the substrate material can
influence the final dimensions of the treated area since discharge localization and spreading
are often observed in the case of conductive and non-conductive substrates, respectively
(subsection 3.1.3.) [141,160]. Therefore, a careful optimization of the device design and
operation conditions is needed to achieve a precise control of the treated area dimension as
well as good repeatability and uniformity in terms, for instance, of thickness of the
deposited/etched layer, chemical composition, wettability, etc..

As evident from the scientific literature, over the years, the localized surface processing has
been investigated with various objectives and perspectives: (i) to address specific applications
which strictly require the precise and localized small area surface modification (e.g., surface
patterning) [33-35,65]; (ii) to optimize the operation conditions of plasma jet devices also in
view of the large area surface processing through plasma source/sample displacement
[41,53,91,164-166]; (iii) to investigate in more detail the plasma plume-surface interaction as
well as to gain insights into etching/deposition mechanisms [57,160,164,165]. The aim of this

section is to summarize what has been done on this subject so far; various examples on the
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localized etching, deposition and treatment will be reported with particular focus on the

optimization of the plasma source design and of the process conditions.

Localized etching

Various studies investigated the localized etching of silicon [167,168] and of different
polymers (e.g., polyethylene, polystyrene, photoresist) [17,169]. Line etching experiments
showed that the depth and width of the etched tracks are significantly affected by the source-
to-substrate distance and the scan speed of the source over the substrate (i.e., the etching time)
[17,167]. In the case of photoresist etching by using an O,-fed corona microplasma jet
(hollow needle with inner diameter of 0.40 mm connected to a RF power supply), the full
width at half maximum of the etched profile was found to decrease from about 1.1 mm to
about 0.2 mm with increasing the scan rate of the jet from 1 to 20 mm-s™ [17].

Polymer etching experiments in static mode operation allowed enlightening that the shape of
the depth profiles across the etched area can depend on the feed mixture composition. Fig.
13a shows results on the etching of a poly(ether ether ketone) (PEEK) substrate by using a RF
plasma jet operated in ambient air and fed with pure Ar or with Ar-O, mixtures (etching time
of 20 min, device outlet diameter of 1.6 mm) [169]. In case of a pure Ar plasma a ring-
shaped profile can be observed, i.e., the etching takes place mainly off the jet axis (maximum
depth of about 10 pum, corresponding to a etch rate of about 0.5 pm-min™), while at the jet axis
almost no etching occurs. This depth profile could be ascribed to the formation of eddies
which cause air entrainment and hence lead to the production of reactive oxygen species
capable of polymer etching. The special shape of this profile shows the main role of chemical
etching by oxygen containing species, while physical etching due to ion bombardment (e.g.,
Ar ions formed in the Ar-fed plasma impinging on the PEEK substrate) seems to be not
effective. At low O, concentration in the feed (0.2%), the etch depth increases but the two

off-axis depth minima are still present likely because the contribution of entrained ambient air
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to polymer etching is still remarkable. If the O, is increased to 1%, the etch rate has its
maximum at the jet axis, the profile is almost symmetric and can be described by a single
Gauss function. The maxiumum depth is 67 um and corresponds to a etch rate of about 3.4
pm-min™.

Moreover, as discussed in detail in section 3.1.3, the investigation of the localized etching in
static operation mode of thin polymeric films deposited on different substrates revealed that
the etching mechanism can change depending on the substrate conductivity [160]. Also the
diameter of the etched hole varies as a function of the substrate materials and appears larger

when the polymeric film is deposited onto a dielectric substrate (Fig. 10f and i).

Localized deposition

Numerous published studies reported the localized deposition of organic and inorganic thin
films by using various AP non-equilibrium plasma jets operated in static mode. Very often
these studies are not motivated by the precise intent of depositing a thin film in a small
localized area, but, on the contrary, they are carried out to optimize the plasma source design
and operating conditions in view of the uniform large area deposition [53,91]. Deposits with
circular shape and diameter ranging from a few hundreds of microns to several mm (e.g., 10-
20 mm) are obtained [41,53,91,170]. Coating thickness profiles are generally symmetrical
respect to the jet axis, with maximum at the center of the deposited spot [41,91,166,171 —
173], as shown in Fig. 13b reporting the thickness profile of a polymeric deposit obtained by
using a cylindrical coaxial DBD jet fed with helium, acrylic acid and ethylene mixtures (outlet
diameter of the source of 6 mm) [41].

However, axisymmetric thickness profiles showing a minimum at the center were also
reported; they correspond to annular deposits or to circular deposits with a central thickness
minimum that can be obtained with decreasing the source-to-substrate distance [164] or

increasing the gas flow rate [165]. Schéfer et al. [165] reported the experimental and
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theoretical investigation of thin film deposition from Si-containing precursors using a RF
plasma jet. The flux of precursor fragments onto the target surface was calculated through a
two-dimensional axisymmetric fluid model. Results showed that, in agreement with measured
profiles of the film thickness, the radial profile of the particle flux strongly changes with the
flow rate and ring-shaped radial profiles are more evident with increasing the flow rate.

On the other hand, asymmetric deposition profiles were obtained due to misalignments of the
plasma source assembly (e.g., in case of concentric electrode configurations) [171], to too
short source-to-sample distance [91,171] or to turbulences and large vortices that can form at
the source outlet when the admission of the thin film precursor downstream of the plasma
source is not adequately optimized (see plasma jets in Fig. 3b with a hollow inner electrode
for downstream injection of the precursor) [174].

Another important aspect taken into consideration in process optimization is the chemical
uniformity of the deposited coating. Different studies [41,163] reported the possibility to
achieve a uniform chemical composition over the deposited area, even if the film thickness is
not constant. Fig. 13b shows that, in case of polymeric coatings deposited from acrylic acid-
containing plasma, the percentage of carboxylic groups in C1s XPS spectra does not change
significantly as a function of the position across the deposited spot [41]. However, studies
regarding the thin film deposition from organosilicon precursors [164] revealed that an
evolution of the chemical composition of the coating (e.g., of the organic character of the
coating) can be observed across axisymmetric deposited spots.

The potential of microplasma jets for the localized deposition of thin films and nanostructured
materials on small areas was demonstrated by numerous published works
[32,68,161,170,175]. A short overview of microplasma utilization in this field is provided in
ref. [15]. For instance, mound-shaped and tower-shaped deposits composed of tungsten oxide
nanoparticles were obtained at high growth rates [32,161] by using a ultrahigh-frequency

(450 MHz) inductively coupled microplasma jet in which a sacrificial tungsten wire was
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inserted (Fig. 4f). Fig. 13c reports the scanning electron microscopy (SEM) image of a typical
tower-shaped deposit (base diameter and height of about 100 um and 500 um, respectively)
obtained within a few seconds at a growth rate of 50 um-s™ [161]. The deposition of stripes
of nanostructured metal oxides was also demonstrated with line widths of 30 pm by using a

microplasma jet with outlet diameter of 50 um [161].

Localized treatment

Significant results have been reported on the maskless localized surface treatment of various
polymers [35,65,107,140,162,176,177] and inorganic materials [34,179,180], for the grafting
of oxygen and nitrogen-containing groups. Microplasma jets appear to be very promising in
this field and numerous studies report their utilization for generating hydrophilic circular
spots and linear tracks on various surfaces [65,162]. Considerable efforts have been directed
to obtain a fine control of the spatial distribution of the plasma treatment as well as to reduce
the treated area closer to the size of the device outlet.

Doherty et al. [65] reported the spatially resolved surface modification of PS substrates by
using a He-fed microplasma jet with DBD electrode configuration and 100 um outlet
diameter. The device was operated in static mode, at the source-to-sample distances of 1 and
10 mm, for a treatment time of 20 s. The plasma was generated at 10 kHz and 8 kV, varying
the helium flow rate (25-200 sccm). The plasma treatment was able to produce a defined
reduction of the WCA (from about 80° to less than 30° for the untreated and plasma-treated
regions, respectively) in a circular area with a diameter of 1.5 mm or more, markedly larger
than the size of the device outlet and of the visible plasma plume. WCA profiles revealed the
dependence of the treated spot diameter on both the source-to-sample distance and the gas
flow rate. The sharper decrease of the WCA and the narrower spot were obtained at 1 mm and
low flow rates. Spatially resolved XPS analyses confirmed that the decrease in WCA

corresponds to a local increase in the surface oxygen content.
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Szili et al. [107] investigated the localized surface treatment of PS substrates by using a
neon-fed microplasma jet operated in static mode and equipped with an outlet capillary glass
tube with length and internal diameter of 50 mm and 0.7 mm, respectively. They were able to
effectively reduce the size of the treated area by decreasing the applied voltage in order to
contain the discharge within the capillary tube. Keeping constant the discharge excitation
frequency (10 kHz), at 4.5 kV the visible glow of the microplasma jet was confined within the
capillary tube and produced narrower treated areas (Fig. 13d) compared to when the visible
glow extended 3 mm into the ambient atmosphere at 8.0 kV. An enlargement of the treated
area was observed with increasing the treatment time (WCA profiles in Fig. 13d). It is worth
mentioning that, since the source outlet-to-sample distance was 5 mm, plasma treatments
were carried out in non-contact operation mode. The optimized parameters were then applied
to produce smaller treated areas of 200 um in diameter using a microplasma jet equipped with
a 142 um inner diameter capillary tube.

In agreement, with results obtained in static mode operation, studies carried out in dynamic
mode operation showed that the increase of the scan speed (corresponding to a decrease of the
treatment time) and of the source-to-sample distance can produce narrower plasma-treated
tracks [162,176,177]. Typical scan rates ranged between a few hundred microns to a few
tens of millimeters per second.

Promising results have been reported on the micrometer scale surface patterning by using AP
non-equilibrium plasma jets with outlet diameter variable from a few microns down to 100
nm, which allow the precise control of the resolution of the plasma-treated dots. In particular,
very recently, nanocapillary atmospheric pressure plasma jets [33—35,178] were proposed for
the ultra fine maskless surface functionalization of polymers [35,178] and carbon nanotubes
dot arrays [34] for biosensing and related biomedical applications. Motrescu et al. [35]
reported the chemical patterning of polymeric surfaces though localized grafting of amine

groups. The plasma source presented a DBD coaxial geometry and consisted of two copper
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ring electrodes on a quartz tube with internal diameter of 4 mm (electrode configuration
similar to Fig. 3a). The tip of the quartz tube had an aperture size of 1 um and 100 nm; a
functionalized dotted matrix was obtained by using as sample holder a computer controlled
x-y stage. The plasma process consisted of two steps: (i) the pretreatment for surface
activation by using a pure helium plasma, and (ii) the treatment for grafting of amine groups
by using helium-ammonia fed plasma. During the pretreatment, negative DC bias (-500 V)
was applied on a metal grid placed under the samples; the bias application during the
pretreatment was mandatory to ensure the grafting of amine groups in the treatment. The
visualization of the patterns was done by fluorescence microscopy after reaction of the
surface-grafted amine moieties with a fluorescent dye. It was observed that, going from the 1
um to the 100 nm tip aperture, the diameter of the patterned dots decreases almost ten times
for the same processing conditions. In fact, at the fixed He-NH; plasma treatment duration of
1.5 s, the increase of the pretreatment time from 0.1 to 3 s caused an increase of the diameter
of the treated dots from about 20 um to 100 um and from about 2 um to 10 pm by using the
tip apertures of 1 um and 100 nm, respectively. Fig. 13e reports fluorescence images
examples of the dotted patterns obtained for the two tip apertures at the shorter pretreatment

time [35].

3.3. Towards large area surface processing

Without doubt, the small size of the treated areas inevitably associated with the utilization of
single plasma jets in static mode operation is considered one of the major drawbacks of AP
non-equilibrium plasma jet technology in the perspective of large scale applications. As
discussed in the two following subsections, proposed strategies towards large area surface
processing involve the displacement of either the plasma source or the sample holder and/or

the utilization of arrays of plasma jets. Critical aspects related to the utilization of these two
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strategies will be discussed, with particular focus on the uniformity of the surface

modification.

3.3.1. Plasma source/sample holder displacement

The most utilized approach to enlarge the treated area in plasma jet technology exploits the
displacement of the plasma source and/or of the sample holder [91,181,182]. In principle,
this strategy is easy to implement, however careful optimization is required to achieve an
adequate control of the final uniformity of the treated surface. To treat large areas by using
plasma jets, successive scans of the source are performed over the sample surface, at a
specific distance from each other. Otherwise keeping fixed the plasma jet, the sample can be
scanned under the source by using a xy-motorized stage (Fig. 1).

Displacement speeds up to some tens of meters per minute were reported
[95,97,101,184,185]. Different studies showed the influence of the scan parameters (e.g., the
displacement speed, the distance between two consecutive tracks) on the extent of the surface
modification. For instance, regarding the plasma treatment of polymeric surfaces for
wettability improvement, it was shown that, as expected, the decrease of the scan speed (i.e.,
the increase of the treatment time) results in a decrease of the WCA of the treated surfaces
[184]. In the case of deposition processes, the coating thickness generally decreases with
increasing the scan speed [185]; interestingly, thin films characterized by superior retention of
the precursor structure can be obtained at high scan speeds, due to the reduced interaction of
the plasma with the growing layer [96].

Considerable efforts are required to obtain coatings with a uniform thickness and chemical
composition over large areas. It was enlightened that the knowledge of the static deposition
profile of the plasma source is a fundamental prerequisite for the dynamic thin film
deposition [164]. On the other hand, the investigation of the deposition of a single track is

essential for the optimization of the scan parameters in the track-by-track deposition over
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larger areas. Merten et al. [183] reported a comprehensive study on the single tracks
deposition of organosilicon coatings deposited by using a low temperature arc jet (section
2.3). The deposition profile of the track perpendicular to the source displacement direction is
symmetrical respect to the jet axis and shows a central maximum; an axisymmetric evolution
of the chemical composition of the coatings was also revealed at different positions across the
deposition profile. On the basis of this knowledge it was possible to optimize the track-by-
track deposition and in particular the optimum distance between two consecutive tracks to
obtain a large area deposition with an overall inhomogeneity in layer thickness of less than

3.5%.

3.3.2. Arrays of plasma jets

The utilization of one-dimensional (1D) [66,111,186,187] or two-dimensional (2D) [25,188—
192] arrays of plasma jets has been also proposed to enlarge the treated area. Very often this
strategy is reported in combination with source/sample holder displacement to improve the
uniformity of the process and further enlarge the treated area [187].

Recent studies have shown that the unique challenge of scaling plasma jet arrays is that
individual plasma jets tend to interact with each other through various mechanisms
(electrostatic, hydrodynamic, photolytic and chemical interactions [29,189,193-195]). Jet-to-
jet interactions can lead to non-uniformity, instabilities, and even to quenching of some
individual plasma plumes in the array [29,189]. Therefore, careful optimization is required to
obtain simultaneous operation of all the jets of the array with good jet-to-jet uniformity both
in time and in space [189]. Jet-to-jet interactions can also result in the merging of the plasma
plumes, as observed in the case of densely packed arrays in which the spacing between the
jets is reduced [29].

Fig. 14 shows the photographs of a jet array device consisting of seven quartz glass tubes

densely packed in a honeycomb configuration, with a single tube in the center of the array and
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the remaining six quartz tubes surrounding the centered one [190]. As a function of the gas
flow conditions, this device can operate in two different modes, i.e., an intense plasma mode
(Fig. 14a) and a well-collimated plasma mode (Fig. 14b). In particular, when the He gas
velocity ranged between 4.6 and 10.6 m's™ (corresponding to a flow rate of 1.5-3.5 slm), due
to jet-to-jet coupling, the formation of an intense plasma plume highly concentrated at the
center quartz tube was observed (Fig. 14a). A further increase in the He linear velocity

resulted in seven well-collimated plumes (Fig. 14b).

4. Plasma jet technology applications in surface modification of materials
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Over the last two decades, the interest of both the academic and industrial communities has
considerably expanded to the utilization of atmospheric pressure non-equilibrium plasmas in
surface processing of materials. In particular, intense efforts have been made to adapt the
classical plasma etching, deposition and treatment processes to the distinctive remote
operation of plasma jets as well as to open air conditions.

The aim of this section is to give the general sense of what has been accomplished so far, and
where the research is going. Therefore, a brief overview of the available applications and
recent developments of plasma jet technology in surface modification will be given, with
special focus on studies published from 2010 onwards in the field of plasma etching,
deposition and treatment. For the sake of completeness, this section includes also examples on

surface on plasma processes using low temperature arc-based jets (section 2.3).

4.1 Etching

First examples on dry etching of various materials with AP non-equilibrium plasma jets date
back to the nineties; in particular, they refer to the utilization RF driven jet devices fed with
He and reactive additives such as CF, and O, for the etching of inorganic materials (e.g., Si,
SiO,, W, Ta [17,31] and polymers (e.g., polyimide) [31,72], respectively. Nowadays,
fundamental research in this field is still active and, in fact, in the last few years,
comprehensive studies were published on the etching mechanism [160,168,169,197] as well
as on the evolution of the chemistry and morphology of the etched surfaces in case of both
polymers (parylene-C, PEEK, PE, photoresist etc.) and inorganic materials (Si [168] and
fused silica [197]).

As far as inorganic materials etching is concerned, recently, a plasma jet-based machining
technology was proposed for ultra-precision surface finishing of optical elements made of

silicon and silicon-containing materials like fused silica and silicon carbide [198,199]. More
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specifically the shaping and the shape correction of optical surfaces with high material
removal rate and high spatial resolution was reported.

Plasma jets are currently utilized for surface cleaning [110,200-203], e.g., for the removal of
carbon layers from flat surfaces and inside deep and narrow gaps [110]. These processes
appear very efficient and cost effective when carried out using air as feed gas. Various
commercial devices have been developed for the surface cleaning of metals, glass and
ceramics; they are used, for instance, for the removal of organic residues on printed circuit
boards before the next steps of production [51,94,204—-206].

As it will be also evident from the following subsections, nowadays, AP non-equilibrium
plasma jets are by far less used in etching than in thin film deposition and treatment. This may
reflect the limited utilization of plasma jet sources and, more generally, of AP non-
equilibrium plasmas for microelectronics applications. A possible explanation could reside in
the fact that under atmospheric pressure conditions, the kinetic energy of ions impinging the
surfaces is very low (see section 2.2.3). The lack of an effective ion bombardment
intrinsically makes anisotropic etching with high aspect ratio very challenging, and, therefore,
definitely reduces the potential of atmospheric pressure non-equilibrium plasma processes in
microelectronic manufacturing as compared to the low pressure counterpart. The material
removal by using AP plasma jets and, more generally, AP non-equilibrium plasmas, remains

dominated by an isotropic purely chemical etching mechanism [168,169,198,199].

4.2 Deposition

AP plasma jets are currently widely utilized for the preparation of inorganic, organic and
hybrid multicomponent thin films as well as of localized structures [15,19,22,23]. The
research is very rapidly evolving in this direction and, over the last few years, many papers
have been published on the optimization of a plethora of plasma jet devices for thin film

deposition as well as on the exploration of new processes. Different deposition strategies have
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been used such as the plasma-enhanced chemical vapor deposition (PECVD), the aerosol-
assisted plasma deposition (AAPD) [45,207] and evaporation/sputtering-based techniques
[15]. In particular, aerosol-assisted processes have appeared to be particularly convenient, and
can even offer the only possible solution, when non-volatile (and eventually thermolabile)
precursors, solution or dispersions need to be injected in the atmospheric plasma [11,21]. It
iIs worth mentioning that aerosols are scarcely utilized in combination with low pressure
plasmas. This is due to fact that the handling of aerosols at low pressure is very difficult and
problematic (e.g., for the risk of contamination of the vacuum chamber with liquids) in
particular if deposition processes need to be carried out at room temperature. On the other
hand, evaporation/sputtering-based approaches are, for instance, associated to the utilization
of microplasma jets in which a sacrificial metal wire electrode is directly exposed to the
discharge. Heating of the wire electrode during the process is believed to be responsible of
metal evaporation or sputtering of surface atoms at lower ion energies [15,175]. Recent
developments in thin film deposition by using AP plasma jets are reported below and grouped

as a function of the chemical nature of the deposited coatings.

Inorganic thin films

In the last years, the deposition of SiOy thin film has been widely investigated by using many
different plasma jet devices and organosilicon precursors (e.g., hexamethyldisiloxane,
tetraethoxysilane, octamethylcyclotetrasiloxane, and tetrakis(trimethylsilyloxy)silane)
[30,95,164,165,172,181,208,209]. Growth rates as high as 60 pm-min™ have been reported for
smooth SiOy coatings by using the low temperature arc jet of Fig. 7a [95].

The deposition of various metal oxides (e.g., titanium oxide, zinc oxide and various doped
and mixed oxides) has been also widely reported [77,98,175,210,211]. For instance, Collette
et al. [210] deposited TiO, coatings using a RF atmospheric plasma jet (configuration similar

to Fig. 5¢) fed with argon, oxygen and vapors of titanium isopropoxide. Anatase TiO,
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structure was observed by Raman spectroscopy after annealing at 450°C. The crystallization
of the coating induced an improvement of the photocatalytic activity evaluated investigating
the degradation of the methylene blue.

As far as metal coatings are concerned, recently, the deposition of highly conductive Cu thin
films [212-215] have attracted growing attention due for instance to their high conductivity

[12,214] and bactericidal properties [215].

Organic thin films

A plethora of polymeric thin films have been deposited over the last few years, e.g.,
hydrocarbon [173,209,216], organosilicon [53,182,217-221], fluorocarbon [166,207,221],
polyethyleneoxide-like thin films [55,80,223] and polymeric coatings containing carboxylic
acid [41,81,96,97,100,103,224—-226] or amine[163] functional groups.

Much attention has been devoted to the deposition of various fluorocarbon and organosilicon
coatings due to their final hydrophobic properties [53,166,207,221]; superhydrophobic
behavior has been obtained in case of nanostructured coatings [53,218].  Organosilicon
coatings have been also widely studied due to their corrosion protection, wear resistance and
antifrictional properties [42,217,220]. Mugica-Vidal et al. [227] reported the deposition of
hydrophobic and wear resistant coatings on glass substrates by using a DBD plasma jet fed
with  nitrogen and the aerosol of mixtures of heptadecafluoro-1,1,2,2-
tetrahydrodecyl)trimethoxysilane (FLUSI) and aminopropyltriethoxysilane (APTES). Since it
was observed that coatings based on FLUSI are hydrophobic but exhibit a low wear
resistance, while those obtained from APTES are able to enhance the wear resistance but have
a hydrophilic character, the aim of the work was to determine the optimal mixture of
precursors able to produce a satisfactory coating in both characteristics.

The study of deposition of polyethyleneoxide-like thin films [55,80,223] and of various

polymeric coatings containing carboxylic acid groups [81,96,97,100,103,226] have been

62



mainly intended for biomedical applications. In particular, efforts have been recently devoted
to the preparation of coatings containing carboxylic groups and stable in water
[41,97,100,224]; enhanced water stability was obtained through codeposition of acrylic acid

with methylene-bis-acrylamide [97,100] and ethylene [41,224].

Hybrid nanocomposite coatings

Organic-inorganic nanocomposite coatings consisting of inorganic nanoparticles (NPs)
embedded in an organic matrix have been recently deposited by atmospheric pressure plasma
jets [228-231]. Commonly, the deposition process involves the injection of preformed
inorganic nanoparticles in the atmospheric pressure plasma along with the precursor of the
organic matrix. The first study on this approach was published in 2011 [228] and reported the
deposition of organosilicon polymer/TiO, NP nanocomposite coatings by injecting in a
corona plasma jet dispersions of TiO, NPs in tetramethoxysilane (TMOS). Different alcohols
(i.e., methanol, pentanol and octanol) were added to the dispersions, even at high
concentration (i.e. 50 %), to improve their stability and, therefore, to enhance the
homogeneity and thickness of the plasma-deposited coating. Very recently, Liguori et al.
[231] presented the deposition of nanocomposite coatings consisting of silver NPs embedded
in a plasma-polymerized polyacrylic acid matrix obtained using a feed mixture composed of
argon, vapors of acrylic acid and a dispersion of Ag NPs in ethanol. The most appealing
advantage of this deposition approach is the fact that, due to the aerosol utilization, in
principle any type of preformed NPs can be injected in the plasma and incorporated in the
coating, provided that a good dispersion of the NPs in a suitable solvent is obtained [21]. This
strategy seems very different from the numerous low pressure plasma processes (e.g.,
sputtering-based processes) in which the formation of both the matrix and the inorganic

particles of the nanocomposite coating occurs in situ and in a single step [21].
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Contrary to the previously examples in which preformed NPs were used, Beier et al. [230]
reported a deposition process in which Ag nanoparticles were synthesized in situ in the
atmospheric pressure plasma. Specifically, in this process the plasma jet was fed with air,
vapors of hexamethyldisiloxane (HMDSO) and the aerosol of a silver nitrate (AgNO3)
solution in water and isopropanol, to obtain in a single step and at atmospheric pressure an

inorganic NC coating consisting of Ag NPs embedded in a SiOx matrix.

4.3 Treatment

The utilization of AP plasma jets for the treatment of a large variety organic and inorganic
materials has received enormous attention and a wide range of processes has been proposed
for many different applications since the late nineties [232-239]. In particular, in the last
decades, AP plasma jets have been primarily used for the treatment of polymeric surfaces to
increase their surface energy and, therefore, to improve their wettability as well as their
adhesion to inks, glues, adhesives and metal coatings [232-237], etc.; many commercial
devices have been also developed for this purpose [49,51,52,94,240,241]. The studies on the
subject published before 2010 widely showed that the plasma jet treatment is able to
effectively modify the surface chemical composition (i.e., through the grafting of polar
oxygen- and nitrogen-containing chemical functionalities and the change of the crosslinking
degree) as well as to induce a variation in the surface roughness (e.g., an increase of the
roughness [99]).
Although wettability and adhesion enhancement represents a well-established application of
plasma jets, the research in this field is still active nowadays, as demonstrated by the presence
of many recent fundamental and applicative publications on the treatment of both synthetic
polymers [38,65,101,107,112,113,184,242-252], natural organic materials (e.g., cellulosic

materials such as paper and cotton) [253,254] and inorganic materials (e.g. metals) [255-257].
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Particular attention is given to the optimization of the operation conditions of the plasma
sources to reduce the treatment time as well as the aging of the treated surfaces predominantly
due to the hydrophobic recovery mechanism [74,101,112,113,184,242-244] The latter
involves the reorientation of plasma-grafted polar groups into the bulk of the material during
air storage, therefore, causes a decrease of the hydrophilicity imparted by the plasma
treatment with storage time [243].

In recent years, significant efforts have been directed both to improve the spatial resolution in
localized plasma treatments [35,65,107] and to obtain uniform and fast treatments over large
areas [184]. Plasma processes are commonly carried out using air or nitrogen as feed gas
[101,184]. This is without doubt the less expensive option which renders atmospheric
pressure technologies very attractive compared to low pressure plasmas processes in
particular for in-line open-air processing. However, the use of noble gases (e.g., He and Ar)
with eventual admixture of reactive additives (e.g., oxygen, water vapor, ammonia, nitrogen)
is also widely reported [34,35,38,140]. Unfortunately, feed mixture dilution with noble gases
increases the process cost, however it offers the advantages of a lower breakdown voltage
and of a better control of the plasma chemistry.

The continuous research in this field is highly motivated by biomedical applications, where
the presence of polar groups is required to promote the cell cultures and biomolecule
immobilizations [34,35]. With this purpose, the processing of both polymers and inorganic
materials (e.g., titanium surfaces, carbon nanotubes, silver nanowires) has been very recently
reported [34,255,256]. Plasma jet treatments of polymers have been also investigated in the
last few years for the fabrication of efficient devices in the field of flexible electronics, dye
sensitized solar cells and litium-ion batteries [248,250,251].

It is worth mentioning that a few recent studies reported the utilization of plasma jet
treatments for applications different than wettability and adhesion enhancement. Examples

include the preparation of Pt nanoparticles on carbon supports through decomposition of
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organometallic precursors for fuel cells applications [75] and the localized sacrificial
oxidation of Si substrates before wet chemical etching of the oxide layer [179].

5 Conclusion

A critical literature review on the utilization of AP non-equilibrium plasma jets in surface
processing of materials has been provided. Basic concepts on the architecture of the plasma
sources have been summarized and the various strategies adopted to obtain non-equilibrium
plasma conditions at atmospheric pressure have been presented. It has been shown that due to
their distinctive remote operation, plasma jets require great care and attention to be reliably
and effectively utilized in surface modification of materials. Many factors can affect the
physical and chemical proprieties of the plasma propagating in the external environment
towards the substrate to be treated. For instance, the inevitable diffusion and mixing of the
surrounding gas with the gaseous effluent of the device can significantly alter the plasma
plume characteristics and propagation behavior. Moreover, the substrate cannot be considered
as a passive object especially when plasma jets are operated in contact mode; the substrate
electrical properties can, in fact, significantly alter the plasma/surface interaction dynamics,
leading also to very different final results when etching and deposition processes are carried
out. While the most peculiar application of AP non-equilibrium plasma jet technology
appears to be the maskless localized surface modification of materials, various studies report
the large area surface processing through the source/sample holder displacement at scan
speeds as high as some tens of meters per minute. Also plasma jet arrays have been proposed
to enlarge the treated area, even if a careful optimization is required to obtain simultaneous
operation of all the jets of the array with good jet-to-jet uniformity both in time and in space.
The plethora of etching, deposition and treatment processes investigated in the last few years
confirms the growing interest of both the academic and industrial communities in AP plasma
jet technology. This interest is expected to motivate further investigation of plasma jets

operation, fundamental prerequisite to obtain reliable and reproducible processes.
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Figure captions

Fig. 1. Schematic diagram depicting a general plasma jet device that can be used in surface
processing. Some of the most important issues addressed in this paper are summarized, e.g.,
the plasma generation and propagation, the plasma interaction with the surrounding
environment and the substrate, the surface modification of a localized region of the substrate,
the enlargement of the treated area through displacement of the sample holder.

Fig. 2. Corona discharge-based plasma jet developed by Dow Corning (PlasmaStream™)
[40,53-55]: (a) schematic illustration of the plasma jet showing the two needle electrodes and
the independent inlets for the gas and the thin film precursor; (b) photograph of the plasma
source operating during deposition processes carried out by using a He/N, fed plasma with
HMDSO addition [53]. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.
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Fig. 3. Schematic diagrams of DBD-based plasma jets differing in the electrode geometries
and in the shape and dimensions of the canal cross-section perpendicular to the gas flow
direction: (a) coaxial geometry with external annular electrodes (circular canal and outlet), (b)
coaxial cylindrical geometry consisting of an internal high voltage hollow cylindrical
electrode (allowing injection of the precursor in the downstream region), a dielectric tube and
an external grounded tube (annular canal and circular outlet); (c) parallel plate electrode

geometry (rectangular canal and outlet).

Fig. 4. Schematic diagrams of microplasma jets with circular outlet: (a) corona microplasma
jet with a needle-to-plane electrode geometry (needle electrode inserted into a quartz tube and
metal plate counter-electrode) [14,63,64], (b) coaxial dielectric barrier microdischarge jet with
external ring electrodes on a dielectric tube [14,65], (c) hollow cathode microplasma jet in
which the discharge is operated by using a negative dc power supply connected in series
with a current-limiting resistor to a capillary stainless steel tube which acts as the cathode,
while a metal plate serves as the anode [66]; (d) RF capacitively coupled microplasma with
coaxial bare metal electrodes [17]; (e) RF inductively coupled microplasma using a coil on
the outside of a quartz capillary tube [14,32]; (f) RF inductively coupled microplasma using a
coil on the outside of a quartz capillary tube and provided with a consumable metal wire
inserted into a restricted quartz nozzle; the consumable metal wire is used as solid precursor

for the deposition of metal or metal oxide thin films and nanostructures [14,68].

Fig. 5.  Schematic illustration of various RF plasma jets featuring different electrode
configurations: (a) concentric electrodes (annular gas channel and circular exit) [5,31,72,73];
(b) solid parallel plate electrodes (rectangular channel and exit) [5]; (c) perforated parallel
plate electrodes (showerhead plasma jet outlet) adopted in the Atmoflo™ plasma jets

commercialized by Surfx Technologies LLC [37,74-81].
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Fig. 6. Schematic representation of the two plasma jets (annular canal and circular outlet)
used in ref. [30] to compare the deposition of SiO,-like thin films, and corresponding cross-
sectional SEM images of thin films deposited on a Si substrate: (a) microwave electrode-less
jet which utilizes a surfatron excitation source consisting of a tuned coaxial resonant cavity
through which a fused silica tube is inserted; (b) RF jet with external ring electrodes on a

fused silica tube. Copyright 2016 Elsevier.

Fig. 7. Arc jet commercialized by Plasmatreat [94] and used for thin film deposition in ref.
[95]: (a) schematic illustration of the plasma source and (b) picture of the torch captured by a
CCD camera; contrast has been increased by image processing. (c) Response surface of the
gas temperature for different distances from the jet outlet nozzle and plasma cycle time (PCT)
values (the increment between each curve is 25 K and the gas flow regime is also indicated)
[95]. The discharge is fed by air and operated at 21 kHz with pulsed voltage; when PCT is
100% pulse duration is equal to the pause duration. Copyright 2011 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim.

Fig. 8. Images of (a) the cross-field plasma jet and (b) the linear-field jet characterized in ref.
[117]; each image is obtained by overlaying the schematic of the electrode assembly on the
photograph of the He-fed plasma jet captured by digital camera (1/30 s exposure time) during
operation at the fixed input RF power of 15 W. (c) Etch rate of polyamide film and ozone
concentration for the cross-field and linear-field jets fed with He-O, mixtures, as a function of
the O, concentration in the feed mixture (fixed input power of 15 W, ozone concentration
measured at z = 10 mm by using UV absorption spectroscopy). Copyright 2008 American

Institute of Physics.
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Fig. 9. He-fed AP non-equilibrium plasma jet operated with a HV pulsed power supply at the
fixed pulse voltage and duration of 8 kV and 1 ps (pulse rise time of about 50 ns). Schlieren
images of the gas flow and photographs of the plasma plume at the pulse repetition
frequencies of 3, 5 and 8 kHz for different He gas flow rates: (a) 1 sIm, (b) 1.5 slm, (c) 2 sIlm,

(d) 2.5 sim [121]. Copyright 2016 American Institute of Physics.

Fig. 10. Evolution of the interaction between the plasma plume emitted from a He/O; jet and
samples consisting of a 4 um thick parylene-C film deposited on substrates of different
conductivity, during the etching of the parylene-C film [160]. Glass substrate: (a-c)
photographs of the discharge captured with a CCD camera, (d-f) optical microscope images
and depth profiles of the etched hole at the etching times of 2, 12 and 50 s. Silicon substrate:
(9-1) photographs of the discharge captured with a CCD camera, (I-n) optical microscope
images and depth profiles of the etched hole at the etching times of 2, 12 and 45s. Copyright

2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 11. Schlieren images showing the gas flow behavior of a He-fed single-electrode plasma
jet operating in open air in the presence of a flat substrate placed in front of the device outlet:
(a) metallic substrate and (b) metallic substrate covered with a dielectric layer (He flow rate
of 3 slm, positive nanosecond pulsed power supply, positive polarity voltage, pulse repetition
frequency of 1 kHz, voltage pulse amplitude of 14 kV; images acquired when the voltage

pulse occurs) [127]. Copyright 2014 Springer.

Fig. 12. Schlieren images showing the gas flow behavior of a He-fed DBD plasma jet (coaxial
electrode geometry) operating in open air while a grounded flat metallic substrate is placed in
front of the device outlet: (a) without plasma ignition, (b) after 50 ms of plasma operation (He

flow rate of 1 slm, microsecond pulsed power supply, negative polarity voltage, pulse
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repetition frequency of 2 kHz, voltage pulse amplitude of 16 kV) [132]. Copyright 2015

American Institute of Physics.

Fig. 13. Localized surface processing in static mode operation. (a) Depth profiles in PEEK
substrates after 20 min etching with a RF driven plasma jet fed with pure Ar and Ar-O,
mixtures at the O, concentration of 0.2% and 1% (jet diameter outlet of 1.6 mm) [169].
Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Profiles of the
thickness and of the percentage of carboxylic groups in Cls XPS spectra of polymeric
coatings deposited over a circular area by using a DBD jet fed with helium-ethylene-acrylic
acid mixtures (jet outlet diameter of 6 mm) [41]. (¢) SEM image of a typical tower-shaped
deposit of tungsten oxide nanoparticles obtained by using an UHF inductively coupled
microplasma jet (Fig. 4f) [161]. Copyright 2006 Elsevier. (d) Profiles of WCA measured
across the circular treated spots obtained on PS substrates with a Ne-fed microplasma jet at
different treatment durations (1, 15, 30 and 60 s). The device is equipped with an outlet
capillary tube having length and internal diameter of 50 mm and 0.7 mm, respectively; the
discharge is operated at 10 kHz and 4.5 kV, and remains confined within the capillary [107].
Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Fluorescence
images of the amine functionalized dotted patterns obtained by using a nanocapillary plasma
jet with outlet aperture of 1 um and 100 nm [35]. Copyright 2016 American Chemical

Society.

Fig. 14. Two different modes of operation observed as a function of the gas flow conditions
for a plasma jet array device consisting of seven silica tubes arranged in a honeycomb
configuration: (a) intense plasma mode consisting of a concentrated plasma plume, (b) well-
collimated plasma mode consisting of seven well-collimated plasma plumes [190]. Copyright

2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 10 (color online only)

102



PV =14 kV PV =14 kV ‘
t=0ms t=0ms

Figure 11 (color online only)

103



Figure 12 (color online only)
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