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Abstract

The interaction of non-thermal atmospheric pressure plasmas and targets of various properties is
an interdisciplinary area of growing interest. The understanding of the interaction mechanisms
between a cold atmospheric pressure plasma and the surface of a liquid or a solid target, as well
as the modifications induced inside the target, requires in situ study of these phenomena.
Techniques for characterizing the plasma above the target are very well developed but on their
own they are not sufficient for understanding the interaction with the target because the target
itself must be studied while being under direct exposure to the plasma. The topic of this review
are the diagnostic techniques for the characterization of the target in a plasma-target system,
performed in situ, while under plasma exposure, time-and space- resolved. Examples also
include combining the existing gas-phase techniques with the techniques that traditionally
characterize the target in absence of plasma. Many approaches stem from plasma science, but
also chemistry, material science, mass transport and fluid dynamics. The possibilities and
limitations of the in situ characterization techniques for liquid or solid targets are described,
with examples of applications to atmospheric pressure non thermal plasma-target systems.

Keywords: plasma diagnostics, target diagnostics, surface diagnostics,
non thermal atmospheric pressure plasma, plasma target interaction
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1. Introduction

Non-thermal atmospheric pressure plasmas (NTAPPs) operate
at atmospheric pressure with an important feature that the elec-
trons are not in thermal equilibrium with the heavy particles.
This difference in temperature can be as extreme as the elec-
trons being at several eV, while the heavy particle temperat-
ure is below 1000 K, possibly even close to room temperature.
The main reason for equilibrium in e.g. DC arcs is their long
lifetime, in which electrons have enough time to exchange
energy with heavy particles through collisions. In NTAPPs the
thermal inequilibrium is achieved either by limiting the life-
time of the discharge or by limiting the conducting current, or
both. Dielectric barrier discharges (DBDs) are a good example
where both those methods are used to achieve the low temper-
ature of the heavy particles, which is important for applications
on sensitive substrates, while keeping the high electron tem-
perature, to drive the discharge and its chemistry. The dielec-
tric barrier prevents the conducting current from flowing,
which also limits the lifetime of discharges, keeping them non-
thermal. There are many geometries in which DBDs operate,
from classical volume DBDs between two parallel-plate elec-
trodes where at least one is covered by a dielectric, to surface
DBDs, to plasma jets etc. Corona discharges are an example
of short-lived discharges with conducting current limitation, as
the discharge is never allowed to reach the counter electrode.
When using RF excitation, a common method to control the
temperature of heavy particles is to use modulation in the kHz
range.

NTAPPs are exceptional in terms of their ability to pro-
duce extreme conditions, but on very short timescales. The
electron temperatures in NTAPPs reach above 10 eV in very
small volumes in space, their density reaches 10>' m~3, the
ionization fronts that move at speeds up to 10® m s~! and the
electric fields that reach above 10° V m~'. All this makes
them chemically active in the conditions far from thermo-
dynamic equilibrium, meaning that chemical reactions are
attainable that in conventional chemistry are only achiev-
able at high gas temperatures. Even unique reaction path-
ways can occur because of short-lived excited states pro-
duced in NTAPPs, but not in conventional chemistry. As an
example, the high density of radicals produced by these dis-
charges at low gas temperature was responsible for the large
yield of ozone produced in the first dielectric barrier dis-
charge (DBD) patented by Siemens [1]. The limited lifetime
of NTAPPs makes them suitable for interaction with sensit-
ive materials, ensuring limited gas heating and limited cur-
rent transfer to the target, while operating at atmospheric
pressure.

The targets with which NTAPPs interact are more varied
than for any other plasma type, because of numerous applica-
tions. The targets vary in electrical properties (excellent con-
ductors and dielectrics but also materials in between), from
solid to liquid, from relatively simple, like glass, to polymers,
complex thin films and to very complex ones such as liquids
used in medicine or biological tissue. Throughout this paper,
‘target’ is used to designate the solid material or volume of
liquid exposed to the plasma as a whole and ‘surface’ only

for the first molecular layers of the ‘target’, the closest to the
plasma.

Because of their fast growth through space, small dimen-
sions and short lifetime, NTAPPs feature steep gradients of
almost any property in space, but also in time. That is why it
is important to characterize them on an appropriate time scale.
However, that is also the reason why it is important to charac-
terize their interaction with targets in situ, during the interac-
tion of plasma and the target and time-resolved. Here by in situ
is meant ‘in the relevant setup or reactor and while the plasma
is in interaction with the target’, which is referred to as in oper-
ando in other fields, especially in catalysis. We will keep in situ
terminology throughout the article.

Plasma physics, material science, and biology use cutting-
edge diagnostic tools within their respective fields. However,
there is a notable shortage of techniques capable of scrutiniz-
ing the interactions occurring at the interfaces between these
disciplines and at the physical interfaces between plasma and
the relevant targets. Consequently, studies examining plasma-
target interactions often rely on indirect methods or employ
simplified experimental setups. For instance, investigations
into plasma-induced polymer modifications frequently use
pre- and post-treatment surface analyzes, extrapolating under-
lying mechanisms from variations in plasma parameters.

In recent years, there has been a growing number of
attempts to implement target characterization techniques on
systems involving plasma-target interaction. The implement-
ation of these techniques faced challenges, particularly in
achieving in situ and time-resolved measurements on surfaces
or within targets directly exposed to plasma. However, the
advancements in diagnostic techniques do offer insights into
critical parameters such as surface charge, electric field distri-
bution, and adsorbed chemical species during the interaction
of NTAPPs and targets, crucial for a multitude of applications
(biomedical applications, plasma for agriculture, indoor air
treatment, CO, recycling and other molecules synthesis such
as NHj, nanomaterial synthesis, polymer treatments, textile
functionalization, assisted combustion, etc). Figure 1 shows
an overview of types of interactions of NTAPPs with targets
and the available diagnostic techniques, which are discussed
in this review.

The goal of this review is to provide a state-of-the-art over-
view of techniques that allow the characterization of the tar-
get surfaces, or of the bulk of the targets while they are under
direct exposure to an NTAPP. The measurement techniques
described here will be organized according to the types of para-
meters they allow to obtain, and the main advantages and limit-
ations of each will be provided. Since the techniques allowing
for in situ characterisation of the target itself differ signific-
antly depending on whether the NTAPP is impacting a liquid
or a solid, these two main types of targets will be addressed
separately. The measurement techniques that allow for in situ
analysis of the plasma itself when in contact with a target are
obviously complementary and also very valuable. They are
however already the subject of numerous articles, including
review articles. Therefore, these techniques will only be briefly
mentioned here with references to the corresponding review
articles.
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Figure 1. Interaction mechanisms between non-thermal atmospheric pressure plasma and targets and associated diagnostics. The
complexity of the interaction in an NTAPP-target system as well as the diverse nature of targets often call for multiple complementary

measurement techniques.

The review is therefore organized into two primary parts:
sections 2 and 3 describe the diagnostics used in systems
where plasmas interact with targets and section 4 brings an
overview of gas-phase plasma diagnostics, but with the focus
on the diagnostics done in the presence of a target. Section 4
is included because many of the diagnostic approaches that
probe the plasma-target interface use (adapted) gas-phase dia-
gnostics. Section 2 addresses the techniques relevant for the
interaction of plasmas and water-based liquids. Section 3
examines the techniques used to characterize the solid targets
and interfaces under plasma exposure.

2. Diagnostics of water-based liquids under plasma
exposure

The interaction of NTAPPs and water-based liquids became a
broadly addressed topic owing to the applications of plasma
in agriculture, medicine, nanomaterial synthesis. The plasma-
water system is complex in many ways. Firstly, the target
(liquid) changes electrical properties over time while under
plasma exposure, varying between being a poor dielectric to
being a poor conductor. That causes fundamental changes in
the plasma-liquid system and its electrical properties and beha-
vior. Next, water itself is a material whose surface molecules
easily re-orientate in response to the externally applied elec-
tric field, meaning that the surface conditions change greatly
according to the polarity of the plasma and to whether the
plasma is or is not touching the liquid surface. Furthermore,
plasma-liquid interaction is not limited to the surface or a
few atomic layers under the surface, instead there is a rich
chemistry in the interfacial layer and bulk transport in the

body of the liquid. Finally, examining the water surface while
under plasma exposure is a challenging task, because of the
formation of waves and Taylor cones brought on by the high
electric fields supplied by NTAPPs. Changes in chemical com-
position at the interface or in the volume of the liquid must
therefore be studied taking into account hydrodynamic phe-
nomena. The following sub-sections first describe methods for
visualizing induced fluxes in the liquid phase. The main tech-
niques for measuring chemical composition in the liquid phase
will then be described, before detailing techniques capable
of investigating the gas—liquid interface in terms of chemical
composition and charge. Table 1 gives an overview.

2.1. Plasma-driven liquid flow

The low ionization degree and low power dissipation, small
size and short lifetime of NTAPPs suggest that their impact
on the much larger liquid target bulk could be expected to be
minimal, however this is not the case. This section focuses on
the liquid flow induced by NTAPPs that are generated in the
gas phase above the liquid.

Here a distinction has to be made between the influence
of the gas flow that is at times used in the design of plasma
sources (e.g. non-thermal plasma jets) and the influence of
the plasma itself. It is evident that the flow of gas without the
plasma present induces liquid flows when such a jet is direc-
ted at the liquid surface, however the plasma has an additional
effect, which will be discussed in this section. This was qualit-
atively shown using schlieren imaging [12—-14], imaging of the
dimple dynamics [15, 16] or KlI-starch liquid reagent [2, 17].
The latter is typically used to detect reactive oxygen species
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Table 1. Diagnostics techniques for liquid characterization relevant for the interaction of NTAPPs and water-based liquids. Details can be

found in the text.

Parameter Technique Comments Reference
Liquid flow Molecular probes, e.g. KI-starch Qualitative technique, used to [2]
liquid reagent image transport of selected species.
Schlieren imaging Simpler than PIV, visualizes [3]
density gradients, challenging to do
quantitative measurements.
Particle imaging velocimetry (PIV) Quantitative technique, well 4]
known, open source analysis
scripts, literature available,
expertise available in the field of
transport and flow.
Density of radicals in Colorimetry Often ex situ, probe molecules not [5]
the liquid bulk entirely specific, shows saturation.
Simple, ideal for visualization of
the spatial distribution of molecules
of interest. A large number of probe
molecules available. Usable in gels
and model tissue.
Absorption spectroscopy Done in situ as well as ex situ,
quantitative.
Chromatography and electron Done ex situ. EPR can provide
paramagnetic resonance (EPR) quantitative data, proper analysis
requires deep understanding of the
technique and the cost is high.
Density of solvated Absorption spectroscopy through Difficult to align, depth of [6,7]
electrons total internal reflection penetration of electrons up to
100 nm, but the only technique able
to measure this property to date.
Uptake of gas-phase Simultaneously using a gas-phase Not a direct measurement, thus [8]
species by the liquid diagnostic to measure gas-phase detailed analysis required, takes
densities like LIF or absorption and careful alignment in the gas phase.
a liquid phase diagnostic to
measure the liquid phase chemistry,
like absorption.
Tracking of isotopes from the gas Direct information about the origin e.g. [9-11]

phase to the liquid phase

of e.g. O atoms that end up in the
observed product; because of
intricate chemistry, this is not a
direct measurement of the transport
for every imaginable radical, also
requires detailed analysis.

(ROS), therefore it also clearly shows the dynamics of ROS
transport in the liquid phase.

Schlieren imaging in the liquid phase is remarkably similar
to the same technique used in the gas-phase diagnostics, where
it can be made quantitative [3] (see also section 4.2). This
technique detects gradients of refractive index in the medium
through which a light beam passes. The idea is to focus the
beam on a sharp spatial filter which only lets the deflected light
reach the detector, thus removing the dominant signal from
the light that has not been deflected [3]. The temporal resolu-
tion depends on the detector. The characteristic timescale for
flow in the liquid phase is much longer than that for discharge

development, so an intensified charge-coupled device (iCCD)
camera is not necessary.

Interferometry is a technique that also detects gradient
densities, but its temporal resolution depends on the light
source rather than the detector. In [18] this technique was
applied to image the development of discharges in water, how-
ever it can also be used to image shockwaves [19, 20].

Particle imaging velocimetry (PIV) [4] is at this moment
the best quantitative technique available for the measurements
of plasma-induced liquid flows, see example in figure 2. It
involves introducing tracer particles in the liquid phase, illu-
minating them with a light sheet typically produced by a laser
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Figure 2. Typical visualization of plasma-induced liquid flow
obtained by PIV. Reproduced from [21]. CC BY 4.0.

and taking images of the system in sequence using a fast fram-
erate camera. Tracing individual particles from frame to frame
allows for the determination of their speed and thus the flow
field in the liquid phase. This technique is being applied in
the systems where plasma is produced above the water surface
[15, 21-28]. The point of attention are the physical properties
of the particles. The density of the particles should be such that
it matches the density of the medium in which flow is charac-
terized. Furthermore, their size should be small enough to be
able to rapidly respond to changes in flow and they should be
smaller than the expected surface flow layer if surface flow is a
property to be characterized. Finally, if the particles are made
of polymers, it should be kept in mind that they are subject to
charging if put in direct contact with the plasma.

Reflecting only on the cases where the plasma clearly
impacts downwards, perpendicularly to the liquid surface, the
experiments generally show a downwards liquid flow when
using water-based liquids that are reasonably conductive, like
saline or other ion-containing solutions, like a KI-solution [2,
17, 21, 28]. Notably, most experiments are done using plasma
sources driven by positive voltage. The upwards-directed flow
is measured in liquids of very low conductivity (demineralized
water levels or lower) that are also not grounded or in liquids
of low conductivity that contain surfactants [13, 15, 21, 28].

The direction of the flow is a consequence of force balance
between electrohydrodynamic (EHD) force in the liquid due
to ion movement and the force due to surface tension gradi-
ent, resulting in Marangoni flows. The surface tension gradi-
ent can be caused by temperature or chemical composition
gradient at the liquid surface, where the chemical composition
is severely affected by e.g. surfactants, like detergents. This
is why when surfactants are present in the liquid, the plasma
induces a strong surface flow because of either destruction of
surfactant molecules or their displacement [23, 26]. On the
other hand, liquids containing significant amounts of ions are

likely to exhibit EHD-driven flows [21, 28]. Here the ion dens-
ities produced by plasma in the gas phase are not included in
the consideration. They were shown to have a notable influ-
ence on the gas phase dynamics in the form of ion wind [15,
29], however the amount of ions produced by the plasma is
orders of magnitude lower than the concentration and the num-
ber of ions in the liquid phase in e.g. saline solution. This is
easy to calculate using ion densities in the gas phase plasma
obtained through simulation, amply available in published lit-
erature. The EHD forces in the liquid are, thus, likely to be
caused by the ions in the liquid, not the ions produced in the
gas phase plasma.

Parameters are still missing to be able to simulate both the
EHD and the Marangoni flows during the interaction of plasma
and water-based liquids. For example, the current diagnostic
methods for the determination of the surface tension are not
compatible with the vicinity or direct contact with plasma. The
research into plasma-induced liquid flows would benefit from
furthering the computational efforts by using techniques from
the field of transport and flows.

2.2. Chemical changes in the bulk of the liquid

The interaction of NTAPPs and water-based liquids gives rise
to the production of chemical species in the liquid phase or
transfer of species from the gas phase into the liquid phase.
The species in question are numerous, with varying lifetimes
and reactivities. The analysis of this system is complex—it is
challenging to measure all species of interest or to determine
their origin (gas or liquid phase). Reviews of plasma-liquid
interactions are available [5, 30], also reviews of the chemical
species expected in plasma-treated liquids [31]. This section
discusses a set of diagnostics to probe the liquid phase and the
transport of species across the gas—liquid interface.

Colorimetry can be used as a semi-quantitative technique.
It is a classical wet-chemical analytic procedure, where indic-
ator molecules are used to produce color forming reactions.
This method can detect and visualize e.g. acidification or the
abundance of a target specie [32-36]. Care should be taken as
probes show saturation, thus calibration is required over the
entire range of interest [37]. Visible absorption of a dosimeter
specie like Fe** can also be used [38—40]. A popular technique
is to use the chemiluminescence of luminol for the detection of
ROS:s. It is not specific to one specie, for example it will emit
light when mixed with hydrogen peroxide, however in contact
with plasma it emits light intensely where OH and O; react
with it [41]. There is a number of fluorescent probes that can
be used for reactive oxygen or nitrogen species, however they
are not fully specific [5]. This technique is commonly used
ex situ, but in situ usage has been reported as well, especially
to track the transport of species of interest through the bulk of
the liquid.

The interaction of plasma and water-based liquids extends
to gels (agarose, gelatine etc) and model tissue, especially for
the applications in medicine. Gels can also be used in place
of liquid when the deformation of the liquid surface is not
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Figure 3. An example of an absorption spectrum measured on
plasma-treated water (PTW) in pink, fits belonging to individual
species in blue. Reproduced from [46]. CC BY 4.0.

desired. Indicator molecules or fluorescent dyes can be dis-
persed in the gel or tissue, after which the diagnostic proced-
ures can be used that would otherwise be applied to a liquid
target [42, 43]. This technique is typically used ex situ, mostly
because the aim of these measurements is not to have time-
resolved data, but to characterize penetration into the target
over longer timescales.

Absorption spectroscopy is a technique that can be
used in situ. In this setting, it is a derivative of absorp-
tion spectrophotometry [44] known from the 1980s [45].
Absorption spectroscopy is a very well known method used
for the gas phase plasma, see section 4.2. This technique has
been applied to simultaneously measure species like hydro-
gen peroxide, nitrate and nitrite in liquid under plasma expos-
ure. It requires a set of absorption measurements at different
wavelengths. Every absorption measurement is then described
by a linear addition of different absorbing components, based
on the Beer-Lambert law. The solution is found by either
solving this set of linear equations, or using their nth deriv-
atives in order to deconvolute the components if the solu-
tion components have overlapping absorption bands or the
absorption obeys a modified Beer—Lambert law. A typical
way of using this method is to perform absorption meas-
urements in the liquid phase using a broadband light source
and a spectrometer, much like they would be used in the
gas phase plasma diagnostics (see section 4.2). Many spe-
cies have known absorption spectra, but the difficulty is that
the absorption spectra in liquids are very broad, thus eas-
ily overlapping. Typically the broad absorption features of
the dominant species (e.g. nitrites, nitrates, hydrogen perox-
ide and ozone) hide the signature of species with low dens-
ities. Absorption spectroscopy of these species is typically
done in the UV part of the spectrum, as can be seen in
figure 3.

Depending on the needs of the application and the spe-
cific conditions in which the experiments are performed, it is

possible to infer the density of dominant ions in the liquid
phase only from the measurements of conductivity and pH
of the liquid. The interest of this approach is that measur-
ing the conductivity and pH is much easier to implement in
e.g. commercial machines or systems that will be used in a set-
ting where liquid diagnostics are not the primary concern. This
approach has been demonstrated for the case where the plasma
interacts with demineralized water [46], where the dominant
species in the liquid phase will be nitrites, nitrates, hydrogen
peroxide and ozone (short lived). The method can be adapted
for use in other water-based solutions.

Further precise and sensitive techniques such as chroma-
tography and electron paramagnetic resonance (EPR) can be
used to detect radicals such as OH [47]. In order to be able
to monitor short-lived species, spin traps are used. EPR can
provide quantitative data. Its challenges include the fact that
the results are time-averaged, it is not possible to perform this
technique in situ, the proper analysis requires deep understand-
ing of the technique and the cost is high. Still, this is a tech-
nique which is suitable for the detection of radicals that are
poorly accessible to other techniques, for example oxygen,
hydrogen, nitrogen radicals.

2.3. Processes at the plasma-liquid interface

In order to understand the chemistry induced by NTAPPs on
the surface, ideally reactive species should be followed both in
the plasma phase and on/in the target. It is crucial to perform
the measurements in sifu, during plasma-target interaction,
due to the fact that the lifetime of most plasma-produced spe-
cies is limited to the time when the plasma is present. Because
of this requirement, most existing interface diagnostics are not
suitable, either because they cannot be used in sifu or because
of poor time resolution. This lack of experimental techniques
necessitates the use of a combination of gas-phase and liquid-
phase diagnostics. A reference for the most common gas-phase
diagnostics can be found in section 4. The review [48] brings a
detailed list of gas-phase diagnostics used for probing plasma-
liquid interactions. The analysis of results obtained by com-
bining liquid-phase and gas-phase diagnostics requires care,
however this is the most effective way to probe the plasma-
liquid interface at this time. Below we will present a few
ideas where the interface was probed in this manner. Although
there is a number of studies that focus only on the effect of
the liquid target on the gas-phase discharges, the focus in
this section will be on examples that correlate the abundance
of species in the gas phase to the chemical changes in the
liquid.

A variety of gas-phase diagnostics can be used to
probe the processes near the interface (like optical emission
spectroscopy (OES), absorption, laser-based techniques, see
section 4.2) and liquid-phase diagnostics the species in the
liquid phase. In the diagnostics of the uptake of gas-phase spe-
cies in liquids, droplets are often used [49, 50]. When using
plasma, the decrease in the density of the relevant gas-phase
species near the droplet train can be measured by gas-phase
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diagnostics such as laser induced fluorescence (LIF) or absorp-
tion spectroscopy and the uptake by the droplets is measured in
the liquid phase by using liquid-phase diagnostics. From those
data, information on the interface dynamics can be obtained.
In a plasma-liquid system this was done to study the OH
dynamics at the interface [8]. A variation of this approach
is promising for the realistic measurements of uptakes of
gas-phase species not only near a liquid surface, but any
surface [51].

The analysis of the chemical kinetics at the water interface
can also be done using OES in the gas phase and a range of
liquid-phase diagnostics [52]. Alternatively, a plasma source
that has been extremely well characterized is used to treat
the liquid. In combination with liquid-phase diagnostics the
dynamics in the liquid close to the interface can be described
[53].

For example, combining gas-phase diagnostics on the
plasma and liquid-phase diagnostics, the generation and trans-
port of atomic oxygen and hydroxyl radical was followed from
the gas phase to the liquid and to the biological target cysteine
in [54]. Already in 2011 [55] OH has been measured by LIF in
a needle-to-plane discharge above water and the resulting dis-
solved OH was monitored by chemical dosimetry with tereph-
talic acid. The dissolved OH could, however, be produced by
other processes than the solvatation of the OH detected in the
gas phase. A solution was proposed to use isotopically labeled
species, which are useful for tracking chemical pathways.

Isotopic labeling can be used to track the species from the
gas phase to the liquid phase, also to discern between reac-
tions happening in the plasma, its afterglow or in the liquid
phase by dosing the isotopes in the appropriate phase. The use
of isotopic labeling of O and H/D either in the feed gas of an
NTAPP or in the water target exposed to it has allowed in [9]
to identify the location where species are produced by meas-
uring products with EPR spectroscopy. With the APPJ used in
this study, the H,O, detected in the target was produced in the
plasma capillary while H, OH and superoxide radicals were
mostly produced from interaction with the evaporating water.
In [10] the COST reference jet was used to treat an aqueous
solution of phenol under controlled atmosphere. The jet was
fed with He/O, mixture with or without labeled 80, and
the oxidation products of the dissolved phenol were analyzed
with high resolution mass spectrometry as well as gas chro-
matography with mass spectrometry allowing for detection of
organic molecules with (labeled) oxygen. The study has shown
that the oxygen atoms created in the plasma directly oxidize
phenol without any pre-dissociation of H,O. In [11] isotopic
labeling was used on either oxygen in the feed gas or in the
bulk water and further examined where those were included
into different cysteine products. This gave insight into pref-
erential pathways for the inclusion of the gas-phase oxy-
gen, as well as liquid-phase derived species like the hydroxyl
radicals.

Finally, Raman spectroscopy can be used to probe the
evolution of chemical species near the interface. An example
is [56], where the penetration depth of the excess nitrate
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Figure 4. Penetration depth and interfacial concentration of
electrons in the liquid phase, as a function of the electron current
density for the case of ‘neat water’. Reproduced from [59]. © IOP
Publishing Ltd. All rights reserved.

concentration was measured spatially resolved in the first
100 pm of the liquid. The results show that the interfacial layer
of NO3 has a depth of 28 ;sm. The shape of the meniscus may
influence the interpretation of this depth.

2.3.1 Electrons.  The role of electrons at the plasma-liquid
interface is poorly understood, as well as their properties. The
production of electrons when plasma interacts with water is
thought to happen in two ways: they can be brought to the
water surface by the plasma developed in the gas phase, or
they can be initiated at the interface by the secondary electron
emission by ion impact [57, 58], which is thought to be an
important mechanism for sustaining of the plasma just above
the water surface. The electrons that are produced in the gas
phase are either energetic electrons that can excite, dissociate
or ionize water molecules or low energy electrons that eventu-
ally become solvated. The transport of low energy electrons
across the plasma-water interface is poorly understood, but
pioneer research has been done on this topic [6, 7]. The dia-
gnostic involved is the total internal reflection absorption spec-
troscopy, based on the Beer—Lambert law, as solvated elec-
trons exhibit strong red absorbance around 700 nm. This tech-
nique is based on the absorption of light following the Beer—
Lambert law, just like absorption in the gas phase, however the
fact that the penetration depth of electrons is expected to be on
a nm scale and the fact that total internal reflection is required
makes this method difficult to set up. However, these are the
best experimental estimates of interfacial electron densities in
water under plasma exposure.

An example of results is in figure 4, showing the penetration
depth and interfacial concentration of electrons in the liquid
phase. Both are a function of the discharge current and the
maximum penetration depth is just over 100 nm. Their role in
the sustaining of the plasma above the water surface has been
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studied in [60]. There, an emission mechanism was proposed
where the electrons generated from ionized water molecules
in the uppermost monolayers of solution are emitted into the
plasma directly from the conduction band of the water. In [61]
a power-law scaling was confirmed between the plasma cur-
rent density and the density and the penetration depth of elec-
trons. The penetration depth is typically below 100 nm and
decreases with the plasma driving frequency.

3. Characterization of solid surfaces under plasma
exposure

The purpose of using an NTAPP in direct contact with a solid is
either to modify the surface properties of the solid itself (poly-
mer or textile functionalisation, deposition, nanoparticle syn-
thesis etc) or to take advantage of the chemical reactivity of
the materials to influence the composition of the gas phase
(plasma-catalysis for indoor air treatment, CO, conversion,
NHj3 synthesis, etc). In both cases, chemical species can adsorb
to the surface and structural modifications to the material can
occur as well [62]. Structural changes in the target and plasma-
induced surface reactivity are both strongly driven by the sur-
face electric field strength and surface charge density that are
therefore also essential to measure [63—66]. Table 2 lists the
main techniques used in literature for these in sifu analyzes
under direct NTAPP exposure. The references mentioned in
this table are review papers and books dedicated to the spe-
cific measurement technique but not necessarily with plasma.
The examples of use of the techniques with plasma are given
in the text and discussed in details there.

A large number of plasma-catalysis studies focuses on the
measurements of gas compositions at the reactor outlet, as
can be seen for CO, conversion processes with the database
developed in [82]. Chemical species are sometimes measured
directly in the plasma above the surface to be treated, using
techniques outlined in section 4.2. However, to understand the
mechanisms of plasma-surface interaction, measuring the gas
composition of the effluent (even if this is done in operando
conditions) or in the plasma phase is not enough and in situ
analysis methods of chemical species on the surface or struc-
tural changes in the material are essential.

One of the main specificities of NTAPP compared with
other surface treatment or catalysis processes is that it induces
very high surface electric field (Ey¢) and surface charge dens-
ity (O gurf)- Esurf and ogy¢ not only control the properties of the
plasma itself interacting with the surface, but can also modify
the physical properties of the target or alter the reactivity of
adsorbed species. Egy,¢ and oy, are therefore essential para-
meters for understanding the NTAPP-target interaction.

NTAPPs can also affect the physical properties or the tar-
get structure itself. Many of the diagnostics commonly used to
characterize the structure of materials need to be operated at
low pressure, ruling out the possibility of implementing them
in situ. Nevertheless, some techniques comonly used at low
pressure are now applied to NTAPPs to monitor the deposition
of thin film coatings, the appearance of defects in material or
the surface temperature. These include ellipsometry, Raman

scattering (RS) and, in a few special cases, X ray photoelec-
tron spectroscopy (XPS) and x-ray absorption fine structure
(XAFS) which will be presented in section 3.2.

The surface analysis techniques that have been most widely
used for monitoring of the surface under direct exposure to
NTAPP are techniques analyzing adsorbed chemical species,
and primarily different variations of infrared absorption tech-
niques. The rest of this section details the possibilities offered
by each of these techniques.

Throughout this article in situ denotes ‘in the relevant setup
or reactor and while the plasma is in interaction with the tar-
get’, which often referred to as in operando in other fields,
like catalysis. This section is limited to the techniques that are
applied with the plasma present and interacting with the target.

3.1 The electric field in the target and surface charge

Surface electric field can affect adsorption and desorption pro-
cesses, determining the surface reactivity in catalysis [83-85],
or induce cell membrane permeation and change in intracel-
lular electric field for biomedical applications [86, 87]. The
footprint of the filamentary discharge on dielectric surface
has been imaged in the past by using thermo-reactive mater-
ials or powders to freeze the path taken by filamentary dis-
charge and obtain Lichtenberg figures [88]. These techniques
have shown the difference between the shape of positive and
negative streamers, as well as the increase of charge carried
by a streamer as a function of the electrode gap length [89].
However the first absolute values of surface potential and pat-
tern of adsorbed charge after filamentary discharge have been
obtained with the development of electrostatic probes (or capa-
citive probes) for flashover studies [90-96]. The first results
from the Pockels effect-based techniques came soon after [97].

This section gives an overview of the state of the art in elec-
trostatic probes and polarimetry-based techniques. However,
it should be noted that these techniques are not able to isol-
ate and investigate separately the kinetics of charge carriers at
the interface. To achieve this, there has been extensive model-
ing work done on the physics of electrons on the plasma-solid
interface [98-101], and a theoretical framework for experi-
mental verification has been proposed [102].

3.1.1. Electrostatic probes.  Various probe geometries can be
used but the principle is always to measure the voltage between
a reference ground and a floating potential metal rod that is
placed at a precise distance from the surface of the dielec-
tric under study [103]. To obtain the spatial distribution of
the surface potential, it is necessary to scan the surface point
by point. At every point the potential measured by the probe
is a convolution of the signal from the charge deposited all
over the surface and relatively complex deconvolution pro-
cedure has to be applied [96]. The reduction of the noise pro-
duced by the signal treatment procedure and the miniaturiz-
ation of the probe itself (down to 0.5 mm in diameter [94,
104]) have allowed to detect patterns of residual charge with
typical density of few pC mm~2 and spatial resolution about
1 mm [96, 104]. Electrostatic probes can be used over any



J. Phys. D: Appl. Phys. 58 (2025) 063005

Topical Review

Table 2. Diagnostics techniques for the characterization of the interaction of NTAPPs and solid targets.

Parameter

Technique

Comments

References

Electric field, charge
density in the target

Electrostatic probes

Jones polarimetry
using the Pockels
effect

Mueller polarimetry
using the Pockels
effect

Simple to implement, not a direct measurement,
requires a model to extract the electric field and charge
density values.

Direct measurement of the electric field in target,
quantitative, target has to be an optically active crystal,
requires deconvolution for the calculation of the charge
density, blind to the errors in alignment, unable to
account for non-ideal targets.

Same as above, except this technique is able to account
for non-ideal targets and offers the possibility to
account for errors in alignment. Much more difficult to
analyze than the method above and requires 16
measurements in place of 1 per data point.

[67]

[68, 69]

[69].

Temperature of the
target

Mueller polarimetry

Raman scattering

Infrared (IR) camera

Optical probes

AT ~ 1 K can be measured, complex analysis and 16
measurements required per data point, an optically
active crystal has to be used as a target.

Spatial resolution limited by laser spot size, real
surface temperature over light penetration depth, often
require calibration for absolute values.

Simple to implement, image of spatial distribution of
surface temperature, provides the temperature of the
outer surface of the reactor unless IR windows are
used. Needs emissivity of studied material.

Simple to implement, achievable 100 xm in diameter,
less intrusive than thermocouple, indirect
measurement, needs to thermalize with the target.

[70]

[71,72]

(73]

[74]

Adsorbed molecular
species

FTIR—DRIFT

FTIR—ATR

FTIR—TIRS

Raman scattering

Easy sample preparation, possibility of temperature
and density gradients within the sample probed, poor
reproducibility of absolute intensity, only relative
values, limited space for the plasma source.

Good sensitivity, mainly for thin films, small
penetration depth and plasma located on the opposite
side of analyzed surface.

Beer—Lambert law directly applicable, good contact
between plasma and probed target, IR-transparent
pellets are needed, sample preparation can be difficult.
Complementary with IR absorption techniques to
detect other transitions for adsorbed molecules but
often less sensitive. Sensitivity can be enhanced by
SERS, surface selective over light penetration depth.

[75-77]

[75-77]

[75-77]

(78]

Structural
modification of target

Raman scattering

XPS, XAS, XAFS

Ellipsometry

Detection of phonons localized at laser focal point,
detection of defects in lattice. Operates in reflection,
identification of peaks not always possible,
fluorescence can exceed the Raman signal.

Probing of core electrons to analyze target atomic
composition, usually possible only under high vacuum
unless bright synchrotron source is used. Sample
transfer under vacuum can allow analysis without
surface modification in the room atmosphere.
Depending on the target the Jones formalism can be
used making it simpler than Mueller polarimetry.
Especially useful for coating thickness real time
measurements, easy analysis only with ideal
homogeneous thin films.

[79]

[80]

[81]
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type of flat dielectrics, however the time required for scanning
the whole surface prevents them from being used to follow
the dynamics of the charge deposition during the discharge
development. In some particular geometries for which the loc-
ation of the ionization wave is imposed in advance, electro-
static probes can be used to follow in time the variation of sur-
face potential [105]. In the particular case of surface DBDs,
a similar idea as the ‘capacitive probe’ can be used by split-
ting of the electrode in several segments, each of them con-
nected to the ground through a resistor (typically a few Ohms)
to measure in time the displacement current due to the sur-
face potential in front of each segment of the electrode [106].
This technique can provide the time and space evolution of
surface potential in surface DBDs. However, two main diffi-
culties remain: (a) the splitting of the ground electrode must
be done carefully to not disturb the discharge—typically the
separation between the segments must be small compared to
the thickness of the dielectric otherwise it has been shown that
the discharge development is influenced by the electrode struc-
ture, rather than non-intrusively measured, even in the volume
[107]; (b) a complex signal treatment procedure taking into
account the coupling between the segments and convolution of
the signal from charge over the whole surface has to be done,
similarly to usual electrostatic probes [108—110].

A probe can also be used inside a target, for example in
water while under plasma exposure [111]. This allows for real-
time measurements during plasma-water interaction, however,
the probe has to be sufficiently far away from the plasma to
ensure non-intrusive measurements.

3.1.2. Pockels effect-based diagnostics of electric field and
surface charge.  When using electrostatic probes only the
residual charge after the plasma is measured with good spa-
tial resolution. Another type of probe used to follow the
electric field dynamics in the gas phase (see section 4.3) is
now commercially available, based on the Pockels effect. The
sensor part is an electro-optic crystal a few millimeters in size,
embedded in a protective dielectric layer, which corresponds
to a total diameter of the probe of about 5 mm. These relatively
large dimensions compared to the typical size of NTAPPs
make it challenging to use such probes as sensors for the elec-
tric field in the plasma, however work has been done on this
topic [113]. These probes can be used as a target and infer
the field induced at the surface of the probe by a plasma jet
impacting on it. This has been done [114] after developing a
calibration procedure to relate the probe signal to the surface
field by taking into account the penetration of the electric field
through materials of different permittivity constituting the
probe.

Imaging techniques also based on the use of electro-optic
crystals have been developed in order to gain understanding on
how the plasma and the target interact, how the plasma charges
the surface, which electric fields it induces in the material,
as well as how the plasma is modified by the target. When
an electric field is applied to a crystal which lacks inversion
symmetry, a change in birefringence is induced that varies lin-
early with the intensity of the electric field. This effect, called
Pockels effect, can be used to detect the intensity of the electric
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Figure 5. One of the first surface charge distribution measurements
on a BSO crystal using the Pockels technique and a lock-in
amplifier. Reproduced from [112]. © IOP Publishing Ltd. All rights
reserved.

field induced by the plasma in the crystal by detecting a change
of polarization of a light beam passing through it. This is only
one of several optical effects that can be detected to character-
ize different physical changes induced in a target by plasma as
reviewed in [115] and that will be further explained in the next
section. The Pockels effect has first been used to measure sur-
face potential in pin to plane surface discharges and compare
the results with Lichtenberg figures [97]. Images of the electric
field induced in the crystal can be obtained with time resolu-
tion in the ns range when using fast detection systems such as a
PMT [116], streak cameras [97] or iCCD cameras [117]. One
of the first surface charge distribution measurements on a BSO
crystal using the Pockels technique and a lock-in amplifier is
shown in figure 5. An image of surface potential pattern can
be obtained in single shot which e.g. allowed to observe the
transition between a randomly branching streamer regime to a
stable reproducible guided streamer regime during the 2 s of
the initiation of a 30 kHz coaxial atmospheric pressure plasma
jet in He impacting a BSO crystal [118].

The main constraint of this technique is the need to use an
electro-optic crystal (e.g. BSO [112], BGO [97], KDP [119])
as the dielectric target. These crystals have relative permittiv-
ities significantly higher than 10, which make the comparison
with e.g. glass not straightforward. In order to help mimic tar-
gets that are of more interest for the applications of plasmas,
the measurements can be performed with a thin layer of poly-
mer deposited on top of the BSO as shown in [120] or material
with different secondary electron emission coefficient like in
[121]. Depending on the symmetry point group of the crystal
used, the detected signal can be more sensitive to the electric
field component perpendicular to the crystal surface or to ones
parallel to the surface [117]. Finally, the crystals can be sens-
itive to the plasma conditions, for example become less trans-
parent over time, turn black (this is often reversible, under the
exposure to oxygen plasma), they can change shape under the
influence of gas temperature in the plasma enough to disturb
the polarimetric analysis.

Several points must be considered carefully when using this
technique. First, the crystal should be calibrated for defects,
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characteristic decay time, and linearity of the signal with
intensity of the field [122, 123]. Second, the analysis of the
signal obtained with only one polarization state of the light
assumes that only the linear birefringence affects the detec-
ted light intensity, which can be incorrect, for example if local
heating occurs in the crystal (see section 3.2.1). Third, when
using this technique, the parameter which is directly deduced
from the change of refractive index of the crystal exposed to a
plasma is the average of the field through the thickness of the
crystal. In order to get to the electric field on the surface or sur-
face charge density, calculations are required and assumptions
have to be made. A common approximation is to consider that
the electric field is constant through the crystal thickness. In
this case surface charge density can be calculated by consid-
ering the crystal as a planar capacitor. This approach is valid
if the plasma is homogeneous over the surface on dimensions
significantly larger compared to the crystal thickness, which
is true for low pressure discharges [119], partial discharges
in voids [124] or homogeneous DBDs [121, 122]. However,
for filamentary discharges, the absolute value of the calculated
surface charge density is only an estimate that depends on the
characteristic size of the filaments. In [116] the surface charge
appeared to depend on the thickness of the crystal used, which
can be simply a consequence of a change of capacitance of
the surface as modeled in [125], but also a consequence of the
inaccuracy of the homogeneous field approximation through
the crystal. An algorithm based on Fourier transforms and fil-
tering has been proposed to solve this issue in [126, 127]. In
[128] a different compensation procedure has been proposed
to correct for the error made with the uniform field approxim-
ation, which can be used if there is a known assumption on the
surface charge distribution.

This technique has been used to fully image the surface
corona at atmospheric pressure and to prove that the electric
field footprint is the same as the light emission obtained by
(fast) imaging [112]. Later this was also confirmed in DBDs
[129] and plasma jets operating in the ‘bullet mode’ [118,
128]. It has been used to study the formation of self-organized
patterns in plane-to-plane DBDs and in He jets [130], as well
as the transition from filamentary to homogeneous discharge
[118, 129, 131, 132].

The results of this technique can be used for straightfor-
ward electric field measurements in an optically active tar-
get, but also to extract parameters that are typically obtain-
able only through modeling. For example, in a kHz He plasma
jet it has been shown that the maximum amount of charge in
an ionization wave reaching the target was 350 £+ 40 pC and
that the loss of charge during the propagation of the ioniz-
ation wave in the glass capillary was approximately 7.5 pC
mm~! of travel distance inside the capillary [128]. The target
itself could only be charged at the maximum of 22 nC mm~2,
irrespective of the plasma parameters [133]. Note that these
data depend on the geometry of the plasma jet and the target
thickness and dielectric properties. Following this, in [134]
an attempt is made towards controlled charging of dielectric
targets. Figure 6 shows that the surface charging can be con-
trolled by simply tuning the operating conditions of the plasma
jet.
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Figure 6. Surface charge density on a BSO crystal as a function of
time for various cases of DC bias applied on the cryatl and pulse
width applied on the plasma jet [134], using the Pockels technique.
This is a measurement that directly shows the measured surface
charge density on a dielectric surface and a way to control it.
Reproduced from [134]. CC BY 4.0.

Similar measurements have also been performed with a jet
expanding in controlled atmosphere to get insight on the spe-
cies involved in charge deposition on the surface [135]. The
nature of the charged species adsorbed on dielectrics remains
unclear. The processes causing the release of charge from the
surface and contributing to the plasma development as a sec-
ondary electron source is also unknown. It has been shown
in [136, 137] that visible light is capable of photo-desorbing
charge, triggering simultaneous breakdown of several plasma
filaments, implying that surface charge has a low adsorp-
tion energy (<3 eV). This value corresponds to the energy
of 1 eV used in modeling [138] as well as the one meas-
ured by thermo-luminescence for charge trapped in Al,O3
defects in DBDs [139]. Charge trapping in materials also
seems to play a role on the BSO crystal used for measure-
ments based on Pockels effect, as suggested by the slow photo-
decay of charge measured in [140]. In [141], based on elec-
trical measurements, the co-existence of ‘memory-charge’ and
‘mobile-charge’ has been suggested to explain the statistical
surface coverage of filaments in a planar DBD. More develop-
ments in diagnostics are therefore needed to describe in detail
the dynamics of charged species on surfaces under plasma
exposure.

The technique based on the Pockels effect described above
only measures the electric field in the target (no other proper-
ties), while relying on a set of assumptions, for example that
the setup is perfectly aligned, that there are no losses, that
the target (the optically active crystal) is uniform throughout
its thickness. Section 3.2.1 will present a more general way
of using polarimetry in plasma-target interactions allowing to
determine physical change in the target, surface temperature
(Ture) as well as surface field (Egyf) in complex targets.
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3.2. Structural changes and physical parameters of targets

3.2.1. Ellipsometry and Mueller polarimetry (MP).  Firstly, a
quick explanation on polarimetry. When polarized light is sent
onto or through a surface, a change of state of polarization can
occur that can be described in terms of dichroism, birefrin-
gence and depolarization. The first two describe a change in
type of polarization (e.g. linear to circular polarization) while
the latter describes a change in the degree of polarization [69].
The roughness or the thickness of the material, as well as
the electric field or the temperature induced inside the target
are crucial parameters for the understanding of the interaction
with NTAPPs and they can be obtained from techniques using
polarized light.

Ellipsometry is an optical technique using the change of
polarization induced by a material to retrieve physical proper-
ties of the sample via modeling analysis. Different models can
be developed depending on the number of layers to be con-
sidered in the sample. Materials with homogeneous or layered
bulk can be analyzed using standard ellipsometry/polarimetry,
while anisotropic or depolarizing samples must be investigated
using MP (see below).

Standard ellipsometry generally uses a light beam often
produced by an halogen lamp reflected at an angle close to
the Brewster angle. Ellipsometers are coupled to a spectro-
menter in order to scan the wavelengths of the radiation emit-
ted by the source with a high spectral resolution. The reason
for that is that the optical properties of the samples and the
optical elements used to build ellipsometers are highly chro-
matic. The Brewster angle is used to increase the difference
between reflected light polarized along the direction parallel
and orthogonal to the plane of incidence and therefore to max-
imize sensitivity [142]. For successful in situ measurements of
a surface exposed to NTAPP, the angle close to the Brewster
angle can sometimes be a problem. For example, in [143], an
angle of 73° is used to analyze a polystyrene surface placed
3 mm from a matrix of micro-discharges in N; or O,, the width
of which prevents the radiation beam used to probe the sample
from passing through without moving the source between each
measurement point.

Standard ellipsometry generally measures the intensity
ratio (V) and phase difference (A) between reflected light
polarized parallel and perpendicular to the surface plane. The
refractive index or dielectric function of the material can be
directly deduced from ¥ and A only if the surface under
study can be considered isotropic, homogeneous and infin-
itely thick. In all other cases it is necessary to make simpli-
fying assumptions to establish a layer model and match exper-
imental and calculated values of ¥ and A. Using these mod-
els, if for instance the material’s optical constants are known,
then the layer thickness can be deduced. Using the ratio of
two intensities makes ellipsometry measurement fairly robust
and reproducible, but since detection is performed in reflec-
tion, only perfectly flat and sufficiently reflecting samples
can be easily used, making this technique especially useful
for thin film characterization. The polarized light used as a
probe can be sent directly onto the treated sample, allowing

for real time, in situ measurement of the surface modification.
In [144] the change of refractive index and thickness of a
polymethyl methacrylate sample exposed to an Ar APPJ have
been obtained from optical modeling of ellipsometry data.
Similarly, polystyrene has been used in [145] as a test surface
and the real time etching rate under a RF Ar jet has been stud-
ied using in situ ellipsometry.

MP is a more complete method for optical characteriza-
tion than standard polarimetry, which allows investigating a
broader diversity of samples, not just homogeneous thin films
or uniform crystals. The data analysis of MP relies on the
Stokes formalism instead of the Jones formalism. By meas-
uring the change of light intensity induced by the sample for
16 different polarization states, the Mueller matrix (MM) of
the sample that contains all the information of diattenuation,
birefringence and depolarization can be obtained. However,
a decomposition algorithm has to be applied to disentangle
the information of each optical property. Different decompos-
ition approaches exist that can be classified into three groups,
product decompositions, sum decompositions and the differ-
ential or logarithmic decomposition [69, 146]. Each decom-
position must be adapted to the type of sample and meas-
urement configuration used. For instance, product decompos-
itions assume that the MM can be written as the product of a
series of matrices representing each one, a single optical prop-
erty. Sum decompositions assume that the optical response
‘seen’ by the detector results from the incoherent superposi-
tion of a few beams coming from the sample, each one car-
rying a particular polarization state. Finally, the logarithmic
decomposition assumes that all the polarimetric properties
appear together and are homogeneously distributed in the
sample. When more than one fundamental polarimetric prop-
erty is present in the sample they appear entangled in the
elements of the MM. The use of the logarithmic decompos-
ition allows to disentangle the properties and to show them
separately.

When the standard Pockels technique is used to analyze the
electric field associated to plasma as discussed in section 3.1.2,
the main optical property of interest is the linear retardance
created by the electric field. If the logarithmic decomposi-
tion is applied, then the influence of the linear birefringence
can be isolated from other properties such as linear diattenu-
ation or circular retardance which can eventually be present
in the sample as well. The advantage of MP over simpler
optical techniques is that the MP can discriminate all the basic
polarimetric properties of the sample, while with simpler tech-
niques the results are usually interpreted in terms of one optical
property (usually linear birefringence). Therefore, if a simple
optical technique is used and the sample has more than one
optical property appearing simultaneously, then the coupling
of these optical properties may bias the interpretation of the
results in terms of physical properties of the sample. Since MP
is sensitive to all polarimetric properties, they can be identified
to properly interpret the data in terms of sample properties.
The disadvantage of MP is that it takes 16 measurements to
establish a full picture of optical properties at one single set-
ting. Thus, while the Pockels method from section 3.1.2 uses a
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Figure 7. The only measurement of both the axial and the radial
electric field in a dielectric target caused by a non-thermal
atmospheric pressure plasma jet. Measurements were performed
using Mueller polarimetry on electro-optic crystals (Bij2SiO2o
(BSO) and Fe:LiNbOj (Felinbo)) exposed to a 30 kHz AC coaxial
DBD plasma jet in Helium. (a) linear birefringence signal in the
I'0/90 and I'45/135 diagonal system, (b) temperature profile (7,)
obtained simultaneously with the axial electric field, (c) electric
field perpendicular to the surface of BSO (E;), (d) radial field (E,)
obtained with Felinbo crystal in the same plasma conditions, (e)
cross section comparison of the E; and E, field pattern at the impact
point of the jet when interaction with the BSO, where the radial
component is in red and the axial in blue. Adapted from [70]; [149].
© IOP Publishing Ltd. All rights reserved.

minimum of two measurements to calculate the electric field,
the Pockels-based MP uses 2 times 16 measurements. There
are simplifications possible [147], but also overdetermination
in the case of low signal/noise ratio [148].

Using MP it has been possible to identify patterns induced
in electro-optic crystals under exposure to a kHz Helium jet as
being a real birefringence signal induced by stress due to gradi-
ent of temperature (photo-elastic effect). As a result, both axial
electric field (E;) and wall temperature profile (7,,) inside of
a Bi13Si0y (BSO) crystal used as electro-optic probe, could
be measured simultaneously as shown in figure 7 and detailed
in [70, 150]. The profile shown in figure 7 corresponds to a
temperature increase of less than 15 K showing the sensitivity
of the technique. As already mentioned, the increase of tem-
perature induced inside a target is important for biomedical
applications or food industry, but the determination of local

surface heating can also be important in the understanding of
the synergy in plasma catalysis [83].

Different electro-optic crystals can also be used such as
Fe:LiNbOj; (Felinbo) with different symmetry point group to
obtain in the same plasma condition the radial field [70]. In
spite of the different materials used (BSO and Felinbo), both
have high dielectric permittivity and the cross section of the
field at the impact point (as in figure 7), suggesting a sim-
ilar behavior of the jet impinging on both targets. Beyond the
confidence gain on the field measurements because of the full
optical characterization of the sample, an important advantage
of MP is that similar measurements can now be performed with
a coating or another material on the crystal, partly depolarizing
the light.

A particularly clear example that illustrates when Pockels-
based MP should be used instead of the Pockels method based
on the Jones’ formalism is in [151], where the electric field
caused by a plasma jet was measured in a layer of cells (an
organic sample) on top of a BSO crystal. In this case the
approach using MP was necessary to account for the (chan-
ging) depolarization caused by the sample. This means that
the sample was not perfectly transparent to the probing light,
causing non-uniform losses. Not accounting for those losses
by using the starndard technique from section 3.1.2 would
have lead to errors in the measured electric field strength. This
example also demonstrates that, thanks to the use of MP which
allows to deconvolve the optical properties of the target, it is
possible to study complex targets exposed to NTAPP and still
succeed to deduce information on electric field, temperature or
material modifications, as is the case for simpler samples when
analyzed by ellipsometry or by so called ‘Pockels techniques’
using the Jones formalism.

3.2.2. Target temperature measured by probes, IR camera,
Raman and infrared absorption. ~ As shown in the previous
section, MP can be used to trace a spatial profile of the sur-
face temperature induced by an NTAPP in an electro-optical
crystal, possibly coated with a deposit of a material of applic-
ative interest. The surface temperature of materials exposed to
NTAPP is often a key parameter in the processes developed,
either because the target is temperature-sensitive (biomedical
applications, polymer deposition, etc) or because temperature
influences surface reactivity (plasma-catalysis, for example),
and yet it is often difficult to accurately know Ty, The
simplest method would be to place a thermocouple on the sur-
face being studied, as close as possible to the zone treated by
the plasma. Unfortunately the presence of the thermocouple
metal can modify the plasma’s behavior, and the strong elec-
tric fields induced by the plasma often interfere with the proper
operation of thermocouples.

Optical thermal probes made entirely of dielectric materials
can be less perturbing than thermocouples. These probes gen-
erally operate on the principle of the temperature-dependent
band-gap displacement of a gallium arsenide crystal placed
at the end of an optical fiber, which results in a shift in the
wavelength reflected by the crystal. The entire crystal must
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therefore be thermalized to give the temperature of the medium
in which it is immersed, but as these probes can be as small as
100 pm in diameter, thermalization can take place quite rap-
idly (within a few ms). These probes can measure temperature
variations of a few degrees, and are sometimes used to determ-
ine the gas temperature in plasma jets [ 152] or in homogeneous
DBD [153] but if the probe is placed in direct contact with
the target, it can thermalize with it and even allow to obtain a
spatial profile of temperature by scanning the surface point by
point [70].

Another method often used in plasma-catalysis to meas-
ure T, is to image the material exposed to NTAPP using an
infrared camera. However, the accuracy of this measurement
depends on precise knowledge of the emissivity of the mater-
ial under study. It is also necessary to use infrared-transparent
windows, otherwise the temperature measured corresponds
only to the external temperature of the reactor [154]. For this
reason, in [155], an all-Sapphire reactor is used to image the
spatial temperature distribution in a Ni/y-Al,O3 catalyst bed
exposed to a CH4/N,/H,0 plasma.

If the infrared emission used by infrared cameras varies
with the surface temperature of the material, the wavelengths
absorbed in the infrared by certain materials can also vary with
temperature and be used as a method of determining 7. For
example, in [156] a BaSOy4 salt is mixed with the Ru/SiO,
catalyst in a DBD to measure the temperature-dependent spec-
tral shift of the S—O bond absorption band by infrared trans-
mission (see details in section 3.3.1), giving access to an
in situ measurement of T,s with an accuracy of a few degrees,
provided that the presence of BaSiO4 does not modify the
plasma behavior. It is the thermal deformation of crystal lat-
tices that can affect the spectral response of vibrations in the
material. The effect of temperature on the populations and
energies of phonons in the target exposed to the plasma can
thus also result in a spectral shift, or a variation in the relat-
ive intensity of the Stokes and anti-Stokes peaks observed in
Raman [157]. The difficulty lies in finding an absolute value
for Tsyt, as the thermal deformation parameters are gener-
ally unknown, and this requires calibration by measuring the
Raman signal of the material heated to a temperature imposed
by a furnace. As will be detailed in the next section, other
phenomena such as the appearance of defects in the mater-
ial exposed to the plasma can also affect the measured Raman
signal.

3.2.3. Structural modification monitored by XAFS, scanning
electron microscopes (SEM) and Raman.  Modifications
of surface compounds are often only measured before and
after plasma treatment because the techniques commonly
used for surface characterization need to be performed in
vacuum. Many studies dedicated to polymer treatment for
isntance combine several surface diagnostics performed out-
side the plasma reactor (XPS, atomic force microscope,
transmission electron microscope, contact angle measure-
ment, attenuated total reflectance-Fourier-transform infrared
(ATR-FTIR)) [158-163]. XPS can probe the elementary

composition of the first few nm of a sample but even the so
called ‘ambient-pressure XPS’ that are being developed work
at a few mbar and cannot be used in situ for NTAPP [164,
165]. One step towards a quasi-in situ analysis of the surface
is to be able to transfer the NTAPP-treated surface into the
XPS instrument without passing back through the room atmo-
sphere, which generally modifies the surface condition con-
siderably. This is achieved by means of a sample transfer sys-
tem under vacuum in [145] to study model biomolecule (pep-
tidoglycan, bacteria membrane component) and model poly-
mers by XPS.

By using higher-energy x-rays from a synchrotron beam,
it is possible to carry out XAFS analyzes. The brilliance of
today’s synchrotron beams enables measurements to be car-
ried out at high pressure, including in an atmospheric pres-
sure packed bed DBD with a Pd catalyst in an Ar/CH4/02
mixture [166]. The use of the XAFS technique in this study
could have detected changes in the degree of oxidation of pal-
ladium under plasma exposure, but in this particular case, such
changes were not observed. On the other hand, a local heating
of the Pd particles much greater than the hard temperature of
the catalytic bed could be demonstrated, attributed to the sur-
face reactivity of the Pd particles.

XPS and XAFS are techniques that probe the atomic com-
position of the target, and as such can equally well analyze
metallic or dielectric surfaces. The majority of the techniques
presented in this section are mainly used on dielectric (or semi-
conducting for Raman) surfaces. However, we should men-
tion a recent technique based on transient thermoreflectance
measurements with a laser probe used in [167] on a gold sur-
face, which revealed a cooling effect of the metal surface under
plasma jet exposure due to charge transfer phenomena.

SEM are often used to characterize the effect of plasma
treatment on a surface, but only after exposure to the plasma, as
SEMs require an ultra-high vacuum chamber. Recently, how-
ever, a modification of a SEM chamber has made it possible
to use a DC plasma passing through a small orifice, allowing
a flow of gas to penetrate the SEM chamber as far as the sur-
face under study, enabling analysis under direct plasma expos-
ure of the surface [168]. The differences in surface sputtering
efficiency of Cu and Ni have been studied for different gases,
but adaptation to plasma sources other than DC microplasma
seems difficult.

Perhaps the simplest technique for detecting structural sur-
face changes under direct NTAPP exposure is RS. Surface RS
is a vibrational spectroscopy technique that complements IR
absorption techniques (see section 3.3.1), as it can detect trans-
itions that are not active for IR absorption because they do not
have any dipole moment. A practical advantage of Raman scat-
tering is the ability to perform reflection measurements even
on rough, porous surfaces. In [169], a 1 mm thick ZnO pel-
let on which Cu nanoparticles have been deposited is studied
by RS under direct exposure to an Ar plasma jet with differ-
ent mixtures of CO2, CH4 and H2. The role of vibrational
excitation of H and H,O in particular in the formation of sur-
face reaction intermediates such as acetates is highlighted by
the identification of bands corresponding to the vibrations of
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adsorbed C—H3 or O—C-O bonds. Another advantage of RS is
its ability to study the collective response of crystal lattices
by detecting the excitation of phonons in the material. The
phonon signature can then be used to highlight the creation
of defects in the material exposed to the plasma, or even to
estimate the surface temperature by means of the wavenum-
ber shift of stokes and anti-stokes peaks. In [170] RS meas-
urements were carried out on the back of a ZnO-coated steel
grid directly exposed to Ar/O;, or Ar/H,O DBD. The appear-
ance of a peak with a raman shift of 555 cm™! is attributed
to the appearance of ‘surface optical phonon’ corresponding
to the creation of defects in ZnO linked to disorganization of
the crystal lattice or grain boundaries. The reduction and the
appearance of oxygen vacancies in ZnO used as catalyst sup-
port for water gas shift reaction is also studied by in sifu RS in
[62] in a DBD configuration. In [171] the impact of a pulsed
repetitive nanosecond discharge is studied by RS on a thin
Al,Os3 layer deposited on a silicon wafer. The shift and distor-
tion of the peak attributed to Si is interpreted as the result of
several possible effects: the creation of phonon confinement
(by destructuring the crystal lattice), heating or the creation
of electron—hole pairs in the material. Raman scattering can
therefore be used to gain access to certain physical modifica-
tions of the material exposed to plasma but it can also allow
to study the species adsorbed on a surface by their vibrational
signature. However, sensitivity to adsorbed molecules is not
very high, even if better sensitivity can be achieved with nano-
structured substrates (surface enhanced RS (SERS)) [157]. To
study surface-adsorbed molecules, infrared absorption tech-
niques remain the most widely used for in situ studies under
NTAPP exposure.

3.3. Surface reactivity of adsorbed molecules

3.3.1. Infrared absorption spectroscopy.  Various infrared
absorption spectroscopy techniques have been developed to
be applicable to a wide range of material properties. The three
most widely used techniques are all based on the use of FTIR
spectrometers: ATR measurements often used for thin films as
in the case of polymer deposition, diffuse reflectance infrared
Fourier transform spectroscopy (DRIFT) measurements and
transmission infrared spectroscopy (TIRS) measurements are
more often used for plasma-catalysis studies. The specular
reflectance (and trans-reflectance) technique is also a possible
technique but it is only applicable to perfectly smooth sub-
strates with good reflectivity, or to thin films on a reflective
substrate, which limits its applicability to very specific mater-
ials, as done in [172, 173] on Macor surface. Another interest-
ing reflectance technique recently applied with NT-APP is the
polarization modulated infrared reflection absorption spectro-
scopy (PM-IRRAS). The various configurations with possible
coupling with a plasma source are represented on the schem-
atics in figure 8.

All these techniques are based on the detection of infrared
photon absorption by vibrational transitions characteristic of
inter-atomic bonds in the material itself, or of molecules
adsorbed to its surface. The differences between these

techniques lie in the way infrared light interacts with the sur-
face, depending on whether it is directly reflected (specular
reflection), reflected within the material, or diffused in all dir-
ections. In most cases, especially for plasma-catalysis stud-
ies, the spectrum of the material before exposure to the gas
and/or plasma flow is used as a reference, and the evolution
of the transmittance (or the absorbance) obtained from the
FTIR spectra then reflects the appearance or disappearance of
adsorbed species.

The principle of ATR is based on the reflection of the
infrared beam inside a crystal with a higher refractive index
than the sample being analyzed (often a ZnSe crystal). An
evanescent wave is generated at the crystal/sample inter-
face, typically penetrating a few pm into the sample. Contact
between sample and crystal must be very good, and in the
absence of plasma, ATR analysis is often performed by press-
ing the sample onto the crystal. For ATR analysis under direct
plasma exposure, this is not possible since the material being
analyzed is positioned between the plasma and the crystal. The
surface where the evanescent one is probing the material is
therefore not the one directly in contact with the plasma. These
constraints mean that in situ ATR with NTAPPs is only used
for very thin polymer films deposited directly on the ATR crys-
tal, or for liquid films that ensure good contact with it. This
technique is often used at low pressure for studying thin film
growth [174, 175] but the same can be done at atmospheric
pressure. As an example, in [176] the modification of a poly-
ethylene film deposited on a ZnSe ATR crystal is studied under
exposure to a DBD of Ny/H,. In [177] the polymerization of
precursors in a liquid film is studied under direct exposure to
an Ar Kinpen RF jet on a diamond ATR crystal.

The principle of DRIFT technique is to collect the light
scattered in all directions by the sample’s uneven surface by
using a mirror shaped like an ellipsoid or a paraboloid. The
DRIFT technique is widely used for plasma-catalysis studies,
as it allows materials to be analyzed in powder form [178].
A major advantage of DRIFT is that no special preparation
of the sample to be analyzed is required, but the downside
is that quantitative interpretation of the spectra can be com-
plex. Infrared light can either undergo multiple reflections at
the particle surface (specular reflection), or actually penetrate
the particle material and be diffused by it. The relative contri-
butions of specular reflection and diffusion can explain the dif-
ferences in spectra obtained by DRIFT or TIRS (see below).
Various parameters of the particle bed can affect the spectra
obtained by DRIFT, such as refractive index, particle size and
material absorption coefficient. In particular, particles smal-
ler than the wavelength of the infrared beam (i.e. <10 um)
are preferable to reduce the contribution of external reflection.
The homogeneity and density with which the powder bed is
placed in the DRIFT cell is also important, making it very
difficult to achieve good reproducibility of spectral intensity
from one sample to another. Consequently, only relative evol-
utions are truly relevant, often obtained by normalizing on a
band assumed not to evolve under the conditions of the study.
The Beer—Lambert law can not directly be applied for DRIFT
analysis but semi-quantitative analysis can still be achieved
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Figure 8. Main IR absorption techniques configurations used for in sifu studies of plasma-surface interaction with NTAPPs.

applying the Kubelka-Munk approximation which suppose a
semi-infinite thickness of the sample (in practice a few mm of
powder bed is sufficient). Commercial DRIFT cells also offer
the possibility of heating the sample under a controlled atmo-
sphere, making it relatively easy to compare thermal catalysis
processes with those of plasma-catalysis. The main difficulty
for plasma-catalysis studies is to insert a plasma source in dir-
ect contact with the material in these cells, which generally
have a very limited volume. For this reason, the plasma used is
often a plasma jet with helium or argon as carrier gas, allowing
the electrodes to be positioned at a distance from the zone of
interaction between the plasma and the surface being analyzed
[179-182]. Itis also possible to use a pin to plane or pin to ring
DBD configuration to generate streamers directly on the sur-
face of the cup containing the material analyzed by DRIFT
[183-187]. An important advantage of being able to precisely
heat the sample exposed to the plasma in DRIFT cells is the
ability to study adsorption mechanisms as a function of surface
temperature, and in particular to perform thermal programmed
desorption procedures [185].

Transmission (TIRS) is the easiest method to interpret in-
situ (in operando) infrared analysis of a solid since the Beer
Lambert law can be directly applied to determine transmis-
sion spectrum of the sample. However, the main difficulty in
TIRS is to obtain a sample that is sufficiently transparent in
the infrared to collect a signal. The sample can either be a thin
film deposited on an infrared-transparent wafer, or it can be
prepared by pressing powdered material in a mold to obtain a
thin disk, typically around 100 pm thick (pellet). In the case of
a film deposited on a wafer, the difficulty with measurements
carried out directly in a plasma is to ensure that the interaction
of the plasma with the supporting wafer itself does not alter the
results. In the case of pellets, the mechanical strength of such a

thin disk can be a problem when it comes to holding the sample
in the plasma reactor and in the path of the infrared beam. For
this reason, a metal grid is sometimes used as a support, but
again, the presence of this grid, even at floating potential, can
influence the interaction with the plasma. Finally, many mater-
ials are not sufficiently transparent for even a very thin disk
to pass infrared light. This problem can be solved by dilut-
ing the material under study in an infrared-transparent powder
(most often KBr), but once again, the presence of this other
material can modify the mechanisms of interaction with the
plasma (for example, H,O or CO molecules adsorb on KBr
surface). The small dimensions of atmospheric pressure plas-
mas, and the often very short characteristic diffusion lengths of
the most reactive species, mean that electrode geometry must
be designed very close to the material pellets used for TIRS in
order to be able to study the plasma-surface interaction. This
is not easy to achieve while leaving the optical path clear to
allow the infrared beam to pass through the pellet. To meet
these constraints, in [156, 188, 189] the KBr infrared window
is used directly as a dielectric barrier in contact with a metal
grid used as a ground electrode, allowing the infrared beam to
pass partially through. In [190] a plane to plane DBD configur-
ation perpendicular to the catalyst pellet is used to study tolu-
ene removal on NiO surface but this requires an inter-electrode
gap of only 4 mm through which the IR beam must pass. A
similar configuration is used in [62] to study the reverse water
gas shift reaction on a Pd/ZnO catalyst. A pin to ring DBD con-
figuration has also been used for volatile organic compound
oxidation studies in [191]. To ensure that the plasma is in con-
tact with the material being studied while leaving the optical
path free for the infrared beam, a compromise is sometimes
made by reducing the pressure in order to increase the size
of the plasma discharge. In [192] for example, a ring to ring
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Figure 9. Experimental setup for FTIR in sifu measurement in transmission through a v-Al, O3 pellet inside a plane to plane DBD with 2
mesh electrodes and the obtained time resolved evolution of adsorbed species spectra during the oxidation of Isopropanol in air. [188] John
Wiley & Sons. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. This is one of the pioneering works that clearly
shows the temporal evolution of acetone formation on an alumina pellet with the superimposed spectra.

DBD configuration is used at 0.1 and 0.3 bar to study oxida-
tion of primary amine functionalized SBA-15 as an example
of the potential of TIRS studies. This is also the case in [193]
for ammonia synthesis studied at 16 mbar or in [194] for
dry reforming of methane on CeO,; studied at 6.6 mbar for
instance.

For all these techniques, whether ATR, DRIFT or TIRS,
the intensity of the infrared signature of an adsorbed species
is proportional to its surface density averaged over the area
probed by the infrared beam. The most highly reactive species
may therefore have a surface density too low to be detected
because they do not accumulate enough onto the surface. The
highest band intensities in the measured spectra correspond
either to intermediate species whose conversion kinetics are
sufficiently slow for their surface density to be detected, or
to products that accumulate over time and eventually poison
the surface. Figure 9 shows spectra from [188] illustrating the
adsorption on y-Al, O3 pellet of an initial specie of the feed gas
mixture, isopropanol (IPA) in this case, followed by its conver-
sion into acetone over relatively long time scale of 575 s. The
spectra obtained for different plasma exposure time are show-
ing the IPA initially adsorbed on the surface (absorption bands
at 1468, 1380 and 1340 cm ') and their decay while IPA is
getting converted into acetone (absorption bands at 1700, 1370
and 1235 cm ~!) by the plasma.

The absolute surface density of an adsorbed species is dif-
ficult to determine with these techniques, but when IR absorp-
tion bands reach a saturation level as a function of time, the
evolution of the relative surface coverage can be analyzed, as is
done for toluene oxidation byproducts on the surface of CeO,
in [195]. The monitoring of species accumulating over the sur-
face is very useful (for example in [190] the plasma condition
in which water accumulated on the catalyst and prevented the
reactions were observed) but it can be interesting to investigate
on shorter time scales species that are transient on the surface.
This is feasible in the case of reversible processes which lead

to periodic evolution of adsorbed species by using the FTIR
in the step-scan mode (the acquisition of each time step is
acquired at one position of the interferogram before moving
the mirror to the next interferogram point). It has been applied
with us time resolution in pulsed glow discharge at a few
mbar to measure CO, hydrogenation in CO,—H, plasma over
NiUSY catalyst [196] and similar approach could be used at
atmospheric pressure since time resolution in ns range can be
achieved.

Other variations of infrared absorption techniques may be
of interest for the study of surface-adsorbed species under
exposure to NT-APPs. For instance the PM-IRRAS tech-
nique provides a highly sensitive and selective measurement
of molecules adsorbed on a surface by subtracting the absorp-
tion of an IR beam polarized perpendicular or parallel to the
surface on which the beam is reflected. This eliminates any
contribution from the gas phase and the material, leaving only
the contribution from the adsorbates. On the other hand, this
technique requires surfaces with good reflectivity, limiting its
applicability. In [197], the formation of carbonaceous deposits
on KBr, Ni and SiO2 surfaces was monitored under exposure
to a 20 kHz Ar/CH4 plasma jet.

Another vibrational spectroscopy technique that has not
yet been implemented for NTAPP but that could be of great
interest is the broad band sum frequency generation, which
provides vibrational spectra of surface chemical groups. This
method is based on the breaking of symmetry at the interface
of two media, which makes the second order susceptibility
different from zero [198]. This technique therefore inherently
probes selectively the surface with sub-monolayer sensitivity,
and it can be applied in harsh environments. For instance, it
has been used to show ultrafast sub-picosecond vibrational
energy transfer at the interface between air and water in [199]
and it has been used to investigate growth mechanisms in
atomic layer deposition system by probing surface-CH3 and—
OH groups [200].
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3.3.2. Isotopic exchange reactions.  Isotopic labeling of
molecules can be used to prove the existence of surface mech-
anisms in plasma molecule formation, and even to quantify
their relative contribution to gas-phase processes. To discrim-
inate between different isotopes of the same molecule, mass
spectrometry is the technique most often used [201-203], but
infrared absorption can also be used [204]. Due to the high
cost of isotopically-labeled pure gases, this type of exper-
iment at atmospheric pressure has sometimes to be carried
out in a batch reactor (without gas flow) or with significant
dilution in a noble gas. In order to obtain good detection of
surface-produced molecules containing labeled atoms, these
isotope exchange measurements need to be carried out over
sufficiently large surfaces, which explains why the only stud-
ies to date using this technique at atmospheric pressure have
all been plasma-catalyst coupling studies.

An effective approach to revealing the role of adsorbed
species is to proceed in two steps: first, the surface is pre-
treated with a plasma in an isotopically-labeled gas, then in a
second step a plasma in an unlabeled gas produces molecules
containing labeled atoms, proving the involvement of spe-
cies adsorbed to the surface during the first step. For instance
in [201] a pre-treatment of four different catalyst surfaces is
first performed with packed bed DBD plasma in He/'#0,. 180
atoms are then being grafted during this first step on the sur-
face catalyst. Then the oxidation of C¢Hg in He—'°O, plasma
is monitored downstream by mass spectrometry and the pro-
duction of C'80, and C'80'°0 is detected even after 30 min
between the pre-treatment and the C¢Hg conversion phase
proving the role of adsorbed 'O on the catalyst in oxidation
process under plasma exposure. A two step approach is also
used in [202] with first a DBD plasma in Ar/'3CO,) grafting
carbonated species on CeZrO,4 supported catalyst, followed
by flushing in Ar/!3CO; to remove weakly adsorbed species,
and then a hydrogenation plasma producing CHy. in addition
a temperature program desorption procedure is performed to
discriminate the different species remaining onto the surface
and the various isotopically labeled molecules are measured
by mass spectrometry. Similar approaches have been used
to study ammonia formation in packed bed DBD monitoring
either the incorporation of H atoms from the surface in ammo-
nia produced by N,/D;, plasma [204], or by monitoring the
proportion of '>N atoms in N, molecules [203]. An obvious
limitation of this 2-step approach is that only adsorbed species
with high binding energy can remain on the surface between
the pre-treatment step and the molecule conversion step, and
the possible role of physisorbed species cannot be studied in
this way.

4. Diagnostics in the gas phase—a reference

Gas phase diagnostics are the traditional focus in plasma
research. Consequently, they are very well developed and
applied in numerous variations, the community gathered
around plasma physics and chemistry trusts those techniques
and there is an abundance of literature including books

and reviews on this topic. However, as the gas phase dia-
gnostics are often an essential building block in the techniques
developed to probe the interface between the gas phase and
solid or liquid phase, this section will give a short overview
of the techniques available for the gas phase diagnostics of
NTAPPs. The focus is on the techniques that are or can be
used when the plasma interacts with a target.

4.1. Imaging

Imaging provides information on the morphology of the dis-
charge and its development over time. iCCD cameras are an
excellent tool for this purpose, as they allow for precise gating
down to sub-ns exposure times. In some cases, e.g. streamers,
where the discharges are erratic in time and space, imaging
is one of the main tools of characterization of the discharge.
For discharges that are reproducible, next to providing data on
the morphology and development over time, imaging aids the
understanding of the results of other techniques. Imaging can
be done with a spectral filter to track the optical emission of
species of choice, or without a filter, in which case the integral
spectrum corrected for the sensitivity of the camera is caught.

There has been a plethora of studies involving (iCCD) ima-
ging of discharges either freely expanding in the gas phase
or interacting with substrates. The conductivity of the target
affects significantly the morphology of the discharge, as well
as the intensity of the emitted light [205-211]. Dielectric tar-
gets feature typical transient DBD behavior, where discharges
are short-lived and after reaching the target induce surface
discharges on the target. Excellent conductors instead induce
return strokes and in some cases a static diffuse discharge
above the target, being sustained by the charge from the target
[212].

Specifically in the interaction of plasma and water-based
liquids, imaging gives clues about the nature of the interac-
tion, as the interaction appears differently for different con-
ductivities of the liquid and different discharge lifetimes. The
interaction can be transient as in a typical DBD, it can feature a
persistent discharge above the liquid surface, more common to
conducting targets, or it can show both [213, 214]. In combin-
ation with OES, imaging gives information about the spatial
abundance of emitting species. Research has shown that the
electrical characteristics of the target have a significant influ-
ence on the spatial distribution of OH, N2, OH (through LIF)
[213, 215].

Next, pattern formation has been observed in plasma-target
interactions when plasma is produced in the gas phase and
interacts with water-based liquids or other targets. Plasma self-
organization is of importance for the development of med-
ical devices using NTAPPs [216]. There has been a number
of dedicated studies on solid targets and a thorough review is
available [217]. Pattern formation is in its essence an electro-
static phenomenon, however, focusing on plasma-liquid inter-
actions, its dynamics can, with additional data from OES, be
interpreted through the importance of the nature of charge for
pattern formation [218].
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4.2. Population densities

Various techniques such as OES, absorption spectroscopy,
(two-photon) LIF ((TA)LIF), and mass spectrometry are com-
monly used to determine the densities of species in NTAPPs.
Review papers offer comprehensive insights into these tech-
niques, outlining their advantages and limitations [219-226].

OES is the fastest way to get an overall picture of the radi-
ating species found in the plasma, which is why it is typically
the first type of spectroscopic information obtained on a new
plasma source. Measuring the population densities in absolute
numbers is, however, not straightforward. Actinometry can be
used [227-229], where a trace but known amount of an inert
gas, like Ar, is introduced into the gas mixture and the density
of the desired species, like O, can be inferred from the ratio
of intensity of emission lines of the target specie and Ar. This
scheme, however, usually depends on many assumptions on
the chemistry in the discharge and is thus usually accompanied
by a numerical model. If desired, OES can be done from on any
region of the plasma with optical access. Its temporal resolu-
tion depends on the detector, but can be at a nanosecond times-
cale, accommodated to follow the development of NTAPPs.

Absorption spectroscopy [222, 223] can be used to determ-
ine absolute population densities if the absorption cross
section and the pathlength are known. As this is a line-of-sight
technique, to obtain the density profile along the absorption
path, additional measurements have to be performed, accop-
manied by a deconvolution technique, such as the Abel inver-
sion for symmetrical systems or a more general Radon inver-
sion. Depending on the desired result, either the light source
or the detector can be broadband, working from the UV to the
IR spectral region. The light source can be anything that emits
light in the desired wavelength range, as long as its light out-
put is stable over time. Single pass is often the norm when the
detection needs to be time-resolved on the scale of the life-
time of NTAPPs, however multi-pass cells are often used in
FTIR spectrometers or in cavity ring-down spectroscopy for
increased sensitivity. The temporal resolution depends on the
detector. It is possible to apply this technique in a plasma inter-
acting with a target, however care has to be taken to avoid
that the interaction of the probing light with the target (e.g.
reflection) influences the results. Unlike OES, this technique
can be used to measure ground state population densities. Like
OES, this technique suffers from overlapping absorption pro-
files at times, thus it is necessary to verify that the absorption
at the given wavelength is likely to be caused only by the target
species.

(TA)LIF [223, 224] is a popular technique for the detec-
tion of species such as NO, O, OH and others in NTAPPs,
owing to the fact that (i) the detection is done only in the
interaction volume of the laser beam, (ii) the plasma and that
the excitation-relaxation schemes are rather unique to the dif-
ference species and (iii) the detected light is at a wavelength
different from the light used for excitation. A laser is used
as a light source, at the wavelength resonant with a very
well defined transition of the chosen species. The excited
molecules or atoms then relax to another state or set of states,

emitting light at wavelength(s) different from the excitation
wavelength. The light is typically collected at the 90° angle
with respect to the direction of the excitation laser beam. The
procedure for obtaining the absolute densities of the desired
species include calibration measurements and careful consid-
eration of effects such as saturation, photo-dissociation, photo-
ionization, beam shape etc. The temporal resolution of this
method depends on the duration of the laser pulse, as well as
the time resolution of the detector. It is rather difficult to per-
form very close to a target, however recently work has been
done where the LIF signal was collected as close as ~15 ym
away from a quartz plate [51] and within ~60 ym away from
a liquid surface [230].

Rayleigh and Raman scattering can be used to determ-
ine the absolute densities of the scatterers [205, 231]. They
are often applied to determine the amount of air entrained
in noble gasses in plasma jets. The intensity of the scattered
light depends on the density of the scatterers, therefore these
techniques can produce a lot of signal at atmospheric pres-
sure. Care should be taken concerning the fact that the local
densities are a function of local gas temperatures. The rota-
tional structure of the molecules obtained in Raman scattering
makes it possible to determine separately the species’ densities
from the gas temperature. Just like with (TA)LIF, the scattering
measurements are performed under the 90° angle with respect
to the excitation laser beam. Temporal resolution is typically
not crucial, as the goal is to measure densities that are stable
in time. There are difficulties with measuring very close to the
target, however when the target surface is fixed (using solid
targets), the limiting factor is the laser beam width.

Quantitative schlieren imaging or laser schlieren deflecto-
metry has also been used to determine gas mixing, in particular
gas flow expansion in air. Schlieren techniques detect gradi-
ents of refractive index in the medium in which a light beam
is passing by focusing the beam on a sharp spatial filter which
lets only deflected light reach the detector [3]. Refractive index
gradients can be induced by different factors such as gas mix-
ture gradients (e.g. Helium in air), or temperature gradients.
The deflection angle of the light in the optical system can be
calibrated in order to obtain quantitative data about temperat-
ure and gas mixture [152, 232-234]. This technique is often
used to also determine temperature gradients.

Mass spectrometry [225, 226] can be used for direct meas-
urement of most species in a plasma, including ions. The tech-
nique is very powerful, for example it allows for sampling
as close as possible to the grounded metallic target, it can
differentiate between isotopically labeled compounds and it
can measure all species in the given mass range in the same
experiment. The challenge is that the technique is complex
and it takes the understanding of the inner workings of the
mass spectrometer to operate it properly and to be able to ana-
lyze the results. Furthermore, the plasma is always in contact
with or just above a (grounded) metallic orifice, which is very
valuable for probing the interaction of plasma and metals, but
should be critically examined when the results are used for the
understanding of the interaction of NTAPPs and other types of
targets.
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Finally, the electron properties such as density and temper-
ature can be measured using several techniques. Information
on the electron properties can be inferred from OES from
line ratios, however that approach requires the knowledge of
the chemical pathways in the plasma under examination and
preferably a model. OES focusing on Stark broadening [235,
236] is a method that works on plasmas with significant elec-
tron densities, where the total line width is not dominated by
other broadening mechanisms. Thomson scattering is a tech-
nique that measures the electron density as well as temper-
ature. It is powerful in the sense that it does not depend on
chemical models or on correctly determining all line broaden-
ing mechanisms. However, it takes a lot of effort to set up, one
should be careful to not cause ionization or detachment in the
plasma, Rayleigh scattering has to be filtered out as it is many
orders of magnitude more intense than the Thomson scattering
and the Raman scattering signal has to be disentangled from
the total signal. The time resolution of all methods depends
on the detector and the time resolution of Thomson scatter-
ing depends additionally on the length of the laser pulse. An
example complication when using Thomson scattering above
water is refraction and reflection of light from the water sur-
face and the waves caused by the plasma. As the laser intensity
during Thomson scattering is high, unexpected refraction or
reflection can cause damage to people and equipment. Electron
density was successfully measured above water surface using
e.g. Stark broadening [237-242] and Thomson scattering [205,
211, 243, 244].

4.3. Electric fields

The electric field is a crucial parameter for plasma characteriz-
ation. Because of the small dimensions of NTAPPs as well as
their transient nature and low ionization degree, there are strict
requirements for diagnostics. For example, placing any object
in the vicinity will disturb the discharge. Consequently, metal-
lic probes that are often used in low pressure plasmas cannot
be used. Electric field probes fully made of dielectric mater-
ials, detecting the electric field based on the Pockels effect,
are now commercially available. However, they are typically
a few mm in diameter, which is bigger than the size of fila-
mentary discharges, and they are calibrated for electric field
that is uniform over dimensions larger than the probe itself.
Therefore, these probes can be useful for measuring the field
surrounding a setup [113, 245] or they can be used as a tar-
get themselves to deduce the field at the surface [114] but
they are not used for measuring the electric field in the plasma
above a target. Instead, non-intrusive optical methods can be
used under certain conditions to determine the electric field
and electron density in a plasma impacting on various targets.
Several reviews are available on this topic [211, 246] and some
of the techniques are outlined below.

Optical emission spectroscopy can be used to study plasma-
surface interaction if the collected light comes from the vicin-
ity of the surface, which is why imaging systems are often
used. The methods to determine the electric field by OES
from the light emitted by the plasma differ depending on the
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gas. The line ratio method is popular on the first negative
system and second positive system of the nitrogen molecule
[247-249]. Problems may arise if the peak electric field is
not located at the same position as the maximum excitation
rate of the two upper states of nitrogen [250]. Additionally,
at atmospheric pressure those upper states are not necessar-
ily in steady state, therefore the determination of the elec-
tric field becomes more complex, as detailed in [251, 252].
Based on this method very high spatial and temporal resolu-
tions have been obtained in volume and surface DBDs using
cross-correlation spectroscopy [247].

An OES technique based on Stark polarization spectro-
scopy of a forbidden and allowed He lines is available for He-
containing NTAPPs [253]. The weak intensity of the forbidden
line as well as its proximity to the allowed line requires sensit-
ive detectors (an iCCD camera) and a spectrometer with suffi-
cient resolution. At this point the measurements are limited to
the head of the ionization front and electric fields above 5 kV
cm™! [254, 255]. kHz-driven He plasma jets interacting with
targets of different types have been studied using this method
[13, 212, 255, 256].

Laser-based techniques are also available for the probing
of the electric field in NTAPPs. Coherent Raman scattering
(CARS) measures electric field by using resonance between
vibrational states of specific molecules. Four-wave mixing
technique replaces the probe beam of CARS by externally
applied electric field to induce a dipole in non-polar molecules
[257]. This technique has been successfully used in hydrogen
[258, 259], nitrogen [260] and air plasmas [261], also over
water surface [262]. It allows for spatially resolved measure-
ment of electric field with sub-nanosecond time resolution but
the weak signal detected, especially from N,, was limiting its
use to relatively large plasma volume configurations. Second
harmonic generation method is simpler to implement [263].
As the signal detected depends on the nonlinear susceptibility
of the probed species, some uncertainties may arise when the
probed gas mixture is not known. Electric field induced second
harmonic generation offers to date the best temporal and spa-
tial resolution when measuring electric fields in NTAPPs. It is
a method with challenges related to the pulse energy needed
to obtain usable signal, to the beam shape, to the shape of the
electric field [264, 265], but it has been applied in plasmas
interacting with targets [266—-268].

4.4. Gas temperature

Gas temperatures are typically measured using noninvasive
spectroscopic techniques, namely rotational distributions of
molecules, line profiles and neutral density measurements
[219, 269].

The rotational structure can be accessed by a variety of
techniques, like OES, LIF or scattering. Those techniques have
been briefly introduced in section 4.2. The idea is that the
rotational structure of the ground state (LIF, scattering) or the
excited state is obtained. It is assumed that the particles in
the rotational states within one vibrational state are distributed
following the Boltzmann distribution for a given rotational
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temperature. By fitting the assumed distribution on the spec-
trum, the rotational temperature can be obtained. How well the
obtained rotational temperature reflects the translational tem-
perature, which we regard to as gas temperature, is a matter of
debate. It is commonly assumed that in the general conditions
of NTAPPs, the rotational temperatures will be close to equi-
librium with the translational temperatures, while the vibra-
tional temperatures are expected to be higher. This is why pub-
lications typically regard the rotational temperatures to be a
good indicator of the translational gas temperatures. However,
it is common that different species in the same plasma do not
follow the same rotational distribution, thus the determined
temperature depends on the species [270]. This technique is
easily implemented, which is why it has been used extensively
in systems where plasmas interact with targets.

Temperature determination from the spectral line profiles is
based on the fact that some of the line broadening mechanisms
depend on the gas temperature. In this case the true transla-
tional gas temperature can be determined, however depending
on the conditions, the sensitivity can be lacking. For example,
in NTAPPs the conditions are high pressure and high elec-
tric fields, often high electron densities. Consequently, pres-
sure broadening is expected to be important, as well as Stark
broadening, both of which will have contributions that have to
be determines next to the broadening mechanisms that depend
on gas temperature. Doppler broadening in this case, which
could be the measure of gas temperature, will probably not be
usable. Depending on the radiator, the collision partner and
the transition, van der Waals or resonance broadening will be
dominant [271]. For this technique to be used, it is crucial that
all possible broadening mechanisms are determined.

Finally, gas temperature can be determined from the neut-
ral density measurement, notably from Rayleigh and Raman
scattering, as outlined in section 4.2.

Using temperature probes is typically not the preferred way
of measuring gas temperature in NTAPPs, due to the sensit-
ivity of these discharges to the vicinity of any foreign object,
including non-metallic materials. In addition, NTAPPs feature
steep gradients in both space and time, which is hard to capture
with a probe whose response time is much slower than that of
the plasma and whose physical dimensions are larger than the
plasma. Thermocouples are not an option because they dis-
turb the plasma and their operation is affected by the charge
and high electric fields from the plasma. Still, there exist com-
mercial probes that are dielectric and sub-mm in dimensions,
that are not disturbed by the electrical characteristics of the
plasma and can be inserted into the discharge with limited dis-
turbances. If they are not made of materials that sputter under
the influence of the plasma, they are the most sensitive tool for
the determination of gas temperature in the plasma. They are
used in plasmas interacting with targets [70, 272, 273].

5. Conclusions and outlook

A variety of diagnostics has been presented, relevant for
the interaction of non-thermal atmospheric pressure plasmas
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and targets. A variety of targets was taken into account,
from dielectrics, metallic substrates, polymers, but also water-
based liquid substrates. The diagnostics are organised in four
groups—diagnostics of flow in the liquid phase, electric fields
in dielectrics when in contact with plasmas, diagnostics of
chemical species in targets, but also probing of the chemical
species at the plasma-target interface. Finally, an overview of
gas-phase plasma diagnostics was given, as many of the dia-
gnostics probing targets rely on (adapted) diagnostics previ-
ously developed for the gas phase.

Bulk target is often more accessible for diagnostics than
the plasma-target interface. This is why the processes at the
interface, for example in plasma-liquid systems, are often
not probed directly, but the dynamics there are inferred from
the measurements in the gas phase and in the bulk target.
This approach requires careful analysis, but brings results.
However, this also clearly outlines the needs of the community
regarding new diagnostic techniques.

There is a need for fundamental data. Taking the plasma-
induced liquid flow as an example, there is a need for the sur-
face tension of water while under plasma exposure, charged
species transport across the gas—liquid interface, measure-
ments of ion densities in the plasma at the plasma-water inter-
face, surface charge densities in general, the electric field pro-
file in the gas phase only to make possible the proper ana-
lysis of the experimental data. In order to make it possible to
also perform proper analysis and numerical modeling of the
plasma-water system, there is also the need for more inform-
ation on chemical reactions in the liquid phase under differ-
ent conditions of conductivity, temperature, electric field etc.
Plasma-catalyst coupling is another example where the funda-
mental data is available for classical systems without plasma,
but the data relevant for the conditions when the plasma is
present are just being collected. Those conditions are high
electric fields, high charge density etc.

Finally, coupling experiment and the results of computa-
tional modeling has a great potential to bring insight that is
not accessible otherwise.

In conclusion, the interaction of non-thermal atmospheric
pressure plasmas and targets is a field that offers plenty of
opportunities for the development of new diagnostic tech-
niques for probing chemical and physical processes that are
currently inaccessible. It is expected that the resulting dis-
coveries will enable large steps in understanding the systems
under research, as well as further the associated applications.
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