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1 | PLASMA

The term “plasma” was first used by Langmuir et al. in
the 1920s to describe the central region of an electrical
gas discharge.[” Plasma is formed when gases are
supplied with such a high level of energy that their
outer electrons overcome their orbital binding energy.
The resulting ionized gas condition is nowadays often
considered to be the fourth state of matter. It is assumed
that ~99% of the universe consists of plasma.'?! In
addition to stars, such as our sun, which are entirely in
the state of plasma, ionized gas with much lower density
also fills the space between all celestial objects.!”!
Furthermore, plasma formation can be observed with
aurora borealis, when charged particles of the solar
winds interact with Earth's atmosphere and become
trapped near the poles, as well as at the moment of a
lightning strike.!*!

Prerequisite for plasma formation is the sufficient
supply of energy to a neutral gas.[S] Methods for
generating plasmas in a laboratory environment include
the supply of mechanical (adiabatic compression),
thermal, chemical, radiant, nuclear, or electrical energy.
The most common method for producing plasmas on a
lab scale is the use of electrical fields.!®! Highly energetic
electrons and photons collide with neutral gas species in
both elastic and inelastic collisions. Elastic collisions only
change the kinetic, but not the internal energy of the
neutral species. Through the inelastic collision,
the electronic structure of the neutral gas particles can
be modified. If the colliding electrons or photons have
sufficiently high energy, electrons, ions and neutrals
(atoms, molecules, and radicals) are formed in funda-
mental and excited states.”®! A plasma therefore
contains free charge carriers and is electrically conduc-
tive, while at the same time showing both collective
behavior and quasi-neutrality.'”’

Due to their significantly lower mass, electrons are
accelerated much faster than ions or neutral gas species.
This may lead to disparate temperatures for the various
species contained in plasma, so that two basic types of
plasma can be distinguished. Thermal plasmas, or “hot
plasmas,” which include solar plasma, are characterized
by the kinetic energy and temperature of the heavier
plasma particles reaching that of the high-energy
electrons. Energy and degrees of freedom are therefore
equally distributed between the particles, giving rise to
the term of local thermal equilibrium (LTE) plas-
mas.'*!!! Opposed to this are nonthermal plasmas or
“cold plasmas,” also referred to as non-LTE plasmas. In
this case, the electrons and part of the ions have a much
higher kinetic energy than the main gas fraction.
Consequently, the electron temperature (up to

10,000K) is significantly higher than the overall gas
temperature, which may well still be at room tempera-
ture. Ionization and chemical processes are therefore
determined by the electron temperature. Nonthermal
plasmas are less powerful but more easily controllable
than thermal plasmas."'®'?' Due to their low heat
generation they are well suitable for processing organic
compounds.'®! Decisive for the formation of LTE and
non-LTE plasmas is the efficiency of energy exchange
induced by frequent collisions between electrons and
heavier particles, which is enabled by a low mean free
path with respect to the discharge length. High pressures
and high plasma powers therefore enhance LTE plasma
formation, while non-LTE plasmas are preferentially
induced by lower pressures or low energy input.!'¥
Nevertheless, various methods exist to generate non-LTE
plasmas even at atmospheric pressure.

1.1 | Plasma generation

For nonthermal plasmas, various categories exist for
classification depending on their generation mechanism
(direct current [dc] vs. alternating current [ac], radio
frequency [RF] versus microwave frequency [MW]),
pressure range (low pressure vs. atmospheric pressure)
or electrode geometry.[w] Eliasson et al. suggested the
categorization displayed in Figure 1, whose four main
constituents will be briefly described in the following.!*"!
However, it should be noted that due to ongoing research
in plasma generation, nowadays manifold combinations
of these discharge types under varying conditions exist.[*!
Nonetheless, this scheme is very useful to describe the
basic functioning of these methods.

1.1.1 | Glow discharge

The term glow discharge is derived from the glow that
can be observed during radiation emission of excited
species that are formed in the plasma. The ions generated
by inelastic collisions are accelerated toward the cathode,
where an ion-induced secondary electron emission
occurs on impact. The electrons released in this process
can then in turn initiate further ionization. These
processes of ionization and electron emission sustain
the glow discharge plasma. The potential difference and
resulting electric field strength are unevenly distributed
in the discharge area, leading to the identification of
different spatial regions (e.g., cathode dark space,
negative glow, and anode zone) within the discharge. A
prerequisite for sustaining dc glow discharges is the
presence of two conducting electrodes. In the case of
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FIGURE 1 Categorization of discharge types depending on their temporal behavior, pressure, and appearance as proposed by

Eliasson et al.[**]

nonconducting electrodes or in the presence of a
dielectric layer, an alternating current is applied to avoid
excessive electrode charging and extinction of the glow
discharge. Usually, radio frequencies are used to generate
alternating voltages. Pulsed glow discharges can be
considered as very short dc glow discharges with a long
afterglow time. They have the advantages of facilitating
the generation of non-LTE plasmas and allowing higher
peak voltages and currents, while achieving better
efficiencies and avoiding excessive sample heating.
Atmospheric pressure glow discharges face the challenge
of excessive cathode and gas heating and arcing due to
high pressure. This can be overcome by changing the
device dimensions as well as by covering at least one of
the electrodes with a dielectric and operating at
alternating voltages. Operation is possible both in
homogeneous and filamentary mode, respectively. Pro-
cessing at atmospheric pressure is technologically less
challenging than operating at vacuum conditions and
allows treatment of a wider range of materials.''*!

1.1.2 | Dielectric barrier discharge

Dielectric barrier discharges (DBDs), also called “silent
discharges” are very similar to atmospheric pressure
glow discharges.[14] DBDs were first introduced by
Siemens in 1857 for the ozonation of air.l'>! DBD devices
consist of two planar or cylindrical electrodes with a
discharge gap width between 0.1 mm (or even smaller)
and up to 100 mm. The characteristic feature is the
presence of one or two insulating layers (dielectric
barriers) in contact with the discharge in the gap
(Figure 2a). Materials for the insulating layer include
glass, quartz, ceramics as well as thin coatings from
enamel or polymer on the electrode itself. For the
subsequent plasma treatment, the substrate in question is
placed on top of the insulation layer unless it acts itself as
a dielectric layer.[lé] As direct current cannot pass the
insulating layer, alternating current has to be used.!'”!
When an electrical field is applied to a DBD device,
electron avalanches develop and initiate streamers,
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FIGURE 2 Examples of device configurations for (a) dielectric barrier discharge (DBD), (b) corona discharge, and (c) atmospheric

pressure plasma jet (APPJ).

leading to the formation of a conducting channel of
weakly ionized plasma and allowing the flow of an
electron current.!®! Charge accumulates on the dielectric
layer until the voltage polarity (and thereby anode and
cathode) reverses, leading to the formation of new
avalanches and streamers on that spot. These can
macroscopically be observed as filament or micro-
discharge.[lz] Because of the charge accumulation this
local electric field eventually breaks down and the micro-
discharge stops.'®! The filaments formed during the
discharge are nearly cylindrical plasma columns with a
lifetime in the range of several nanoseconds.”®! The
dielectric barrier prevents arc formation by limiting the
current flow through restriction of the amount of energy
in a single micro-discharge and distribution of the micro-
discharges across the electrode area.l'"! However, the
filamentary character of the discharge makes the plasma
inhomogeneous, which limits the DBD applicability in
deposition and etching to smooth surfaces.”") Under
certain conditions, an alternative approach is therefore
using the more homogeneous glow discharge for surface

treatment or thin film deposition.w

1.1.3 | Corona discharge

Corona discharges differ from the previously named
setups by the cathode, which is shaped like a wire, sharp
tip or rough edge, while different anode geometries
exist.??! An example is given in Figure 2b. The discharge
mechanism is like that of a dc glow discharge. Corona
discharges operate at atmospheric pressure at dc and in
nonequilibrium state in pulsed form."'* The ionization is
controlled by the electrode geometries and its zone is
confined to a very small space around the cathode
(ionization zone). In contrast to other plasma generation
methods, there is a large low-field drift region of low
conductivity between the cathode and the anode (low-
field zone). The discharge is therefore highly
inhomogeneous. Yet, this array stabilizes the discharge

and prevents arc formation. Due to the high number of
inelastic collisions occurring in the ionization zone, the
species reaching the drift region have energies lower
than ionization energies, so the drift region is character-
ized by neutral chemistry. Depending on the electrode
polarity, positive and negative coronas are differentiated,
although some other types also exist.!*1*1321]

1.1.4 | Device configurations

For industrial applications, atmospheric pressure plas-
mas are more suitable than low-pressure plasmas due to
the simplicity of device setup, cost-effectiveness, control-
lability, and in-line applicability.**! Corona discharges,
atmospheric pressure glow discharges and DBD are
frequently used for atmospheric pressure plasma proces-
sing.**! The challenge of treating complex 3D objects is
addressed by atmospheric pressure plasma jets
(APPD).?! They consist of an inner needle-shaped
electrode connected to the power source and a grounded
outer electrode (Figure 2c). Frequently, the outer
electrode is covered on the inside by an insulating layer.
Carrier and reactive gases at atmospheric pressure and
room temperature flow between the electrodes and
become ionized. The plasma exits the device through a
nozzle and is directed onto the substrate.*®! The plasma
is most commonly generated via DBD, as neither corona
discharges are suitable due to their discharge heteroge-
neity, nor glow discharges because of the low pressure
required.*”l A high variety of different device setups,
component materials, and potential applications
exist.”*?*) The main advantages of APPJs are their
ability to create a homogeneous high plasma flux and the
possibility of using compact, low-cost plasma sources. A
downside of this design is the pronounced point
discharge characteristic which requires scanning or array
mounting for treatment of larger areas.!*” As the plasma
is not generated directly at the substrate surface, high
processing speeds are possible, however, plasma species
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can react with their surroundings on their way to the
surface, causing a decrease in efficiency. The high
process gas consumption, the relatively low treatable
surface area and the need for cooling limits the
profitability of APPI.?°! Other setups have been recently
designed to address such challenges, such as the disc jet
developed by Bellmann et al.l*!

1.2 | Plasma-assisted surface processing
Plasma is an increasingly important tool for surface
processing to tune chemical and physical properties of
various materials ranging from metals and glasses to
polymers, which this review is concerned with. An
enormous range of applications from agriculture to
medicine, smart surfaces, electronics, optics, and so on
arises therefrom.!**>!! Depending on their impact on the
substrate surface, plasma processing methods can be
divided into different categories (Figure 3).

Plasma cleaning and plasma etching both refer to
plasma treatment techniques in which material is
removed from a substrate surface, only differing by the
extent of the removal.*'*?! Plasma cleaning refers to the
removal of contaminants such as oil, dust, oxides, or even
bacteria from a substrate surface. Plasma etching
describes the gradual removal of exposed surface layers
of a bulk material. As only the material surface is
exposed, the influence of etching on the physical and
chemical properties of the substrate is limited, especially
since UV light and the resulting radicals have a limited

penetration depth.[*33* Plasma etching enables for
instance targeted surface roughening to generate
nanostructures.”
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Plasma functionalization or activation is used to
modify substrate surface functionalities via reaction of
the plasma species with the substrate surface.*®! The
resulting functionalities and properties depend on the
nature of the plasma, which makes this method highly
useful both for tuning of surface properties and for
surface pretreatment followed for instance by grafting
approaches.[34’37] Typically used gases include noble
gases such as Ar and He, but also O,, N,, NH;, and
CF,.*73%! For instance, an oxygen treatment leads to an
increase in oxygen-containing functionalities and thereby
to improved surface hydrophilicity, while hydrophobicity
can be enhanced by using fluorinated compounds like
CF, or SF¢ as reactive gas.[39] Nonreactive gases do not
introduce functional groups but induce radical formation
and thereby create reactive sites that can induce cross-
linking (crosslinking via activated species of inert gases,
CASING),*?! lead to activation or ablation, or be used for
posttreatment functionalization. Upon exposure to air or
oxygen, autoxidation reactions form (hydro)peroxides,
which can be used for subsequent conventional grafting
from polymerization.*7")

Alternatively, monomer adsorption to the substrate
can be combined with plasma treatment if the precursor
is not volatile enough to be transferred to the gas phase.
In this case, the coating is performed via conventional
methods, while surface binding is ensured with plasma
treatment.

In the context of biogenic precursors, plasma
treatment approaches have been used with copaiba
oil,'*!! oleic acid,'*?! lavender and tea tree oil,'**! and
limonene and myrcene.!**!

In the following, this review will focus on plasma
polymer deposition. During plasma polymer deposition,

® (]
L]
P e O o
o ° - e calisiome
® ~ Elastic collisions
T Inelastic collisions

Carrier gas

(+ Reactive)

T777T7T7T7T777T7777 C/ean,'ng ;,"//
e ot o e /

.e"

® Process gas: { e\.<. |

Energy /

Cn. 990000
W TTTTTTTTTTTTT7
Fu

. @t
[ )

([ ] D
o . 4 _ epos;,
® e @ e Py, i ;)S'l‘lon %

TTTTIN_ATTTTTT7

g PR T zatioy,

Excited species:

o
TTTTTTTTTTTTT7

Electrons, lons, Radicals,
Atoms, Molecules,
Metastables

FIGURE 3 Plasma-assisted surface processing methods include plasma cleaning, etching, functionalization, and deposition.
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single molecules do not only react with and attach to the
substrate surface, but they also react with each other,
creating an entire material layer. Plasma polymer
deposition is therefore a process in which the application
of a coating completely changes the surface properties
while leaving the characteristics of the base material
unaffected. Various methods using plasma exist, the best
known among which is plasma polymerization.[34] The
term is derived from the occurrence of successive
plasma-activated radical initiation, propagation, and
termination reactions that lead to the deposition of a
polymeric coating. Contrasting with conventional poly-
mers, plasma polymers do not comprise regular repeating
units, but form irregular, highly crosslinked networks of
monomer fragments.*”! Another term is “plasma-
enhanced chemical vapor deposition” (PECVD). Just like
in conventional chemical vapor deposition (CVD), a
gaseous precursor reacts with a solid substrate surface
forming a solid reaction product while simultaneously
releasing gaseous byproducts.

Early research on the formation of polymeric
structures in plasmas was conducted in the first half of
the 20th century!*®*’! and intensified starting from the
1950ies.*!1 1t was found that when gaseous com-
pounds are subjected to plasma, insoluble solids are
formed in the gas phase!*’! and films can be deposited.!*!
The resulting structure only partly corresponds to that of
the precursor,!®"! while crosslinking is usually observed.
Different rates for film formation were observed for
different precursors.!*®! Yasuda et al. examined the effect
of pulsed discharge on plasma polymer formation,
showing that during plasma off-periods addition polym-
erization occurs exclusively, while competing with
delamination processes during plasma on—periods.[szl

Due to the high energy input, the polymers formed
during plasma polymerization are partially fragmented
and thus deposition and ablation continuously compete
with each other. The process can be tuned by many
parameters, such as the nature of the plasma, the energy
generation and device geometry and the deposition
conditions including flow rate, use of a carrier gas,
pressure, and plasma power as well as the substrate
material, roughness, and temperature.>2*°>7>% Initially
plasma polymerizations were described by these partly
interdependent parameters, which do not allow compar-
ing different polymerization systems or monomers.
Indeed, up to now it is difficult to reproduce plasma
polymers if not exactly similar deposition conditions are
used. To address these challenges, in the 1970ies Yasuda
et al. developed a new parameter for describing the
conditions of plasma formation, depending on (1)
the power input W, which is highly dependent of the
monomer chosen, (2) the monomer flow rate F, which

correlates to the pressure in a closed system, and (3) the
monomer molecular weight M. The W/FM parameter, or
Yasuda parameter, therefore describes the energy input
per mass unit of monomer transferred to the monomer
molecule crossing the active plasma zone and governs
the formation of reactive intermediates.>°! However, the
Yasuda parameter can only be applied under limited
circumstances, as it does not take into account the type of
discharge, possible precursor dilution in inert gases or
varying precursor reactivity.[*”!

Yasuda et al. also produced important findings with
respect to the mechanism of plasma polymer formation,
showing that certain precursor functionalities favor
decomposition, such as oxygen-containing groups, chlo-
rine atoms, and aliphatic or cyclic hydrocarbons, while
other functionalities, such as aromatics, C=C double
bonds, amine, and Si-containing groups favor polymer
deposition.[®® Polymerization was found to occur via
radical formation, either by hydrogen abstraction or
opening of multiple bonds or cyclic structures.!*”’

Much further research has been conducted into the
mechanism of plasma polymerization, frequently con-
firming these observations. Plasma fragmentation gener-
ally follows bond dissociation energies, with the weakest
bonds breaking most readily.l°®! Therefore, the presence
of double bonds leads to increased retention of other
precursor functionalities in the resulting polymer, since
the m-component of C=C double bonds possesses a
relatively low binding energy.l°!! Using mass spectros-
copy, Mertens et al. showed that the presence of double
bonds leads to formation of rather large fragments and
even oligomerization via double bond opening, while
homologous monomers containing no double bonds
show very strong fragmentation into small molecules.*3!
Double bond opening has been ascribed to the formation
of biradicals with a strong recombination tendency.>¢%
Nisol et al. conducted manifold investigations into the
energetics and mechanistic processes of a wide range of
monomers such as esters, hydrocarbons, and so on.!®*
Friedrich et al. reviewed the mechanisms of plasma
polymerization, identifying the main reaction pathways
taking place following fragmentation such as chemical
chain-growth polymerization (radical or ionic), ion-
molecule reactions, and (poly-)recombination leading to
linearly or irregularly structured materials and copoly-
mers. Plasma polymerization processes performed in
continuous wave mode are the least similar to conven-
tional polymerization mechanisms and can best be
described with a fragmentation-(poly)recombination
mechanism. Due to the immense energy input, precursor
molecules are strongly fragmented, with subsequent
fragment (poly)recombination creating a structurally
inhomogeneous product.[®?!
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For tailoring applications, retaining precursor function-
alities has gained increased attention in recent years.
Functional group preservation has been obtained, for
instance, by maintaining a low substrate temperature, using
low plasma powers, or pulsing the plasma discharges.[64]

Pulsing plasma has various advantages: The plasma
can be operated at higher instantaneous power and peak
voltages, while the average power is unchanged. The
process can be more easily controlled and film
inhomogeneity can be reduced.l®! At atmospheric pres-
sure, the formation of thermal equilibrium, overheating,
and arc/spark formation can be prevented.”! Pulsed
discharges can be produced with different device
configurations and include radio frequency (RF) and
microwave frequency (MW) discharges mostly operating
at 13.56 MHz and 2.54 GHz respectively.['*!

The key parameter in pulsed plasma polymerizations
is the duty cycle, which is defined as the plasma on-time
ton divided by the total pulse duration (¢,, and plasma
off-time t,¢) (Equation 1):

fon

Duty cycle = ————.
fon + Loff

(5]

During t.,, electrons, photons, radicals, ions, and
metastable states are created and initiate reactions, but
most of them react quickly during f.¢. Radicals are more
stable and can at atmospheric pressure induce free
radical polymerization during t.s Long f.; periods
therefore result in better monomer and polymer struc-
tural retention.!®® For instance, in this way the
preservation of hydroxyl-functionalities was tunable
during PECVD of allyl alcohol, which allowed tailoring
of surface properties.'°®!

Advantages of PECVD over CVD include processing
at much lower temperatures and allowing use of more
sensitive precursors and substrates such as cellu-
lose.[**”] PECVD can be performed using low frequency,
corona, DBD, radio frequency and microwave frequency
plasma sources at both low and atmospheric pressure.[ﬁg]
Atmospheric pressure PECVD (AP-PECVD) is gaining
increasing attention as its advantages are manifold, such
as the enablement of continuous processing using open
systems. No expensive vacuum pumping systems are
required, which reduces cost and energy consumption. A
large variety of precursors are accessible. The method is
suitable for homogeneous treatment of large surfaces as
well as for deposition of micro- and nanoscale struc-
tures.!*>*°! However, AP-PECVD also faces some down-
sides caused by the relatively short mean free paths and
resulting high gas phase reaction rates induced by
atmospheric pressure. Secondary reactions occur in the
gas phase and mass transport is limited, which leads to
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the formation of powder contaminating the substrate
surface as well as poor film uniformity and properties./**

AP-PECVD can be operated in direct or remote mode.
In direct mode, the substrate is placed between the
electrodes and the active species are created in the
discharge area, leading to full precursor decomposition
and requiring precise control of process parameters. In
remote mode (APPJ), the precursor is injected down-
stream from the discharge area in the post-glow, yielding
larger precursor fragments. This process extends the
possible substrate selection to complex 3D substrates, but
increases difficulty in achieving a uniform layer distribu-
tion.?>¢%7°1 Examples of AP-PECVD include deposition
of silicon compounds such as hexamethyl disiloxane
(HMDSO) and tetraethoxy silane (TEOS)!”!! as well as
deposition of fluorine compounds such as C,F,, CsFg, or
C5Fg!7! for instance with the aim of substrate hydro-
phobization. Another example is the use of hexamethyl
disilane (HMDS) and tris(trimethoxysilyloxy)vinylsilane
(TTMSVS) as antireflective coating layer for poly(ethy-
lene terephthalate) (PET)."*! Even superconductive films
have already been deposited.l”*

Plasma polymerization is also receiving great atten-
tion in the biomedical field. Tetraglyme has been
deposited with an atmospheric plasma torch for obtain-
ing protein-repellent coatings,[75] while biocompatible
coatings were produced from tetraethylene glycol
dimethyl ether and lactic acid.’®! Various reviews on
the use of PECVD at both low and atmospheric pressure
for manifold applications have been published.!*®””!

With the focus of research interests shifting toward
sustainability, the implementation of green chemistry in
coating strategies has become of primordial importance.
PECVD is expected to play a key role because of its low
coating material consumption, no solvent use, cost-
effectiveness, adjustability, and possibility to apply
complex multi-layered systems. Biogenic precursors are
of key relevance in replacing fossil-based resources,
while at the same time offering exciting new features for
functional materials. Of special interest are precursors
that not only occur in nature, but additionally show
inherent special properties to be transferred to the
coating, such as biodegradability or bioactivity. Other
biogenic precursors have already been plasma polymer-
ized for their electrical properties, making them suitable
for organic electronic devices. However, the structures of
biogenic precursors are often very complex, which
increases the difficulty in tuning plasma deposition
conditions to ensure structural and functionality reten-
tion as well as film stability to suit the desired
applications. Post-deposition auto-oxidation processes
must equally be taken into account concerning both
short-term and long-term property analysis.
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Obviously, the number of chemical substances that can
be found in nature is extremely vast and greatly exceeds the
scope of this work. In the following chapter, we will
therefore focus on the most prominent biogenic chemical
substance classes that have been plasma polymerized to
obtain specific functionalities. An initial focus will be
placed on essential oils, which are the first biobased
precursors to have been plasma polymerized, followed by
plant-based extractives such as terpenes, equally being
essential oils’ main constituents, which allow clear attribu-
tion of plasma polymer properties to individual chemical
components. A second class of plasma polymerized
materials are amino acids and enzymes. Here, the
preservation of the required bioactive center is especially
challenging. Finally, the plasma polymerization of lactic
acid and its derivatives is reviewed, as these polymers are of
interest due to expected ease of biodegradability.

2 | PECVD OF BIOGENIC
PRECURSORS

2.1 | PECVD of essential oils

Essential oils, formed as secondary metabolites by many
plants, have been extracted from natural compounds for
centuries and used for example for their antiseptic
properties as well as their fragrance. In modern industry,
they are used in cosmetics, sanitary and medical products
as well as in agriculture and food industry./”**°! While
about 3000 different essential oils are known, only 10%
are of commercial relevance. Essential oils are mixtures
of about 20-60 different components, with the main
groups being (1) terpenes and terpenoids as well as (2)
aromatics and aliphatics, which all possess different
biological properties.”**! In nature, essential oils
protect plants against bacteria, viruses, fungi, insects,
and herbivores. They are easily available from biological
sources, at low cost and in commercial quantities. On the
other hand, they show very low human toxicity (i.e.,
harmful potential for humans).”*"! These factors make
essential oils very interesting starting materials for new
“green” functional coatings, as can be obtained through
plasma polymerization (Figure 4).

The first to plasma polymerize essential oils were
Sakthi Kumar et al, using lemongrass oil and
eucalyptus oil. Polymerization was performed at radio
frequency under reduced pressure to obtain metal-
insulator-metal structures and analytics were focused
on the electrical properties and conduction mechanism
of the resulting thin films, which was found to be of the
Schottky type in both cases.®**2! The eucalyptus oil
plasma polymer was further examined after deposition

FIGURE 4 Examples of plants serving as sources for essential
oils that have already been used for plasma polymerization.

on glass substrates using IR spectroscopy where reduc-
tion or lack of C-H and C-C bending modes indicated
the formation of highly crosslinked structures. The
optical band gap was found to be at 1.53 eV.[5?!

Jacob et al. initiated a wide range of investigations on
the plasma polymerization of essential oils at RF power
and reduced pressure with the goal of obtaining new
materials for organic electronical and optical applications
by plasma polymerizing lavender oil. Deposition times
of 5-90 min at 25 W RF power enabled the preparation of
transparent, very smooth films with thicknesses in the
range of 200-2400 nm characterized by an energy gap of
2.93 eV, a refractive index of 1.565 (500 nm) and an
extinction coefficient of 0.01 (500 nm).'**!

Extensive research on plasma polymerized thin films
from lavender oil was continued by Easton et al., wherein
the influence of plasma power on the resulting films was
examined. The films were deposited on precleaned glass
substrates in a glow discharge at reduced pressure and at
RF plasma powers ranging from 10 to 75W. The
retention of the precursor structure, especially of C=C
double bonds, decreased with plasma power, while
fragmentation increased.'®*! Except for the optical band
gap, which was slightly higher than that observed by
Jacob et al.,, optical parameters were found to be
independent from the plasma power.’®*! Solubility tests
showed the plasma polymer's insolubility in various
solvents. Water contact angles ranged between 82° and
91° increasing with RF power.l®®! Aging effects were
associated to oxidation and etching processes.[87]
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Al-Jumaili et al. examined the properties of plasma
polymerized geranium oil thin films as a function of
plasma power. Refractive index, extinction coefficient, and
optical band gap were generally independent from the
plasma power, while the surface roughness, hardness,
elastic modulus, wettability, and solubility resistance
increased with plasma power. A higher degree of cross-
linking resulting from higher plasma powers impedes the
reorientation of functionalities at the interface and
increases the film rigidity, resulting in more stable contact
angles over time. The authors examined the biofilm
formation of Staphylococcus aureus, Pseudomonas aerugi-
nosa, and Escherichia coli on films deposited at 10 and
50 W. Decreased bacterial attachment and biofilm forma-
tion on plasma polymer films deposited at 10 W as opposed
to those deposited at 50 W was attributed to the combined
effects of retention of the structural integrity of the bioactive
precursor, surface morphology and chemistry (especially
the presence of hydroxyl groups).[88] Electrical properties
were investigated by incorporating plasma polymer thin
films derived from geranium oil into metal-insulator-metal
sandwich structures with aluminum electrodes. The
conductivity values were typical for insulating materials.
The optical band gap decreased slightly from 3.67 to 3.60 eV
for higher plasma powers, which was explained by the
increased presence of dangling chains that might lead to
formation of additional intermediate energy levels and/or
defects decreasing the optical band gap.!®”!

Hennekam et al. analyzed the fragmentation occurring
in the plasma phase during PECVD of sandalwood oil at
reduced pressure and 2-50 W RF power. The gas phase was
characterized using mass spectrometry (MS) and optical
emission spectroscopy (OES), while the resulting films were
characterized with X-ray photoelectron spectroscopy (XPS),
Time-of-flight Secondary Ion MS (ToF-SIMS) and atomic
force microscopy (AFM). Oligomers were formed at low
plasma powers, with a relatively good stability being
assigned to the bridged cyclic ring structure of santalol.
With increasing RF power, hydrogen abstraction, and
crosslinking were enhanced, while the incorporation of
oxygen-containing groups was reduced. At the same time,
an increased formation of smaller fragments was observed,
which were detected for example in the form of carbon
monoxide and ethylene in the plasrna.[%]

Mol et al. examined the optical absorption and
emission properties of plasma polymer films made
from tea tree oil. Depending on the irradiation wave-
length, photoluminescence emissions occurred in the
yellow spectral region (465-695nm) and IR region
(850-1090 nm) and were attributed to the presence of
chromophore units and polaronic transitions as well as
interchain emission respectively. UV-Vis absorption sig-
nals at 332 and 558 nm were attributed to C=0O groups
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inducing m-m*-transitions of the aromatic ring as well as
interchain 7m-m stacking interactions respectively. IR
spectroscopy showed that band maxima shifted depending
on the substrate used, indicating a variation in bond
lengths depending on the substrate and showing that
amorphous glass substrates are better scaffolds for plasma
polymer growth than crystalline silicon substrates.!!
Bazaka et al. were the first to examine the effects of
plasma treatment with Ar APPJ on thin films from tea tree
oil plasma polymers upon PET substrates. Compared to
as-deposited plasma polymers, APPJ-treated plasma poly-
mers showed increased surface oxidation, with three
potential oxygen sources being: fragments of oxygen
moieties from retained precursor molecules, coating
exposure to ambient air and reactions between Ar plasma
and ambient air. Slight changes in surface roughness were
observed and primarily attributed to the removal of loosely
attached low molecular weight fragments by the plasma.
Contact angles decreased nonlinearly with plasma treat-
ment from >70° to ~57° after 5s and <40° after 60 s due to
surface oxidation. The bioactivity against S. aureus was
partially and temporarily improved due to easy release of
antimicrobial low molecular weight fragments.”?! Jacob
et al. are among the researchers using PECVD for
deposition of graphene from natural substances, focusing
on tea tree oil as a carbon source. They produced
multilayered graphene by introducing volatile tea tree oil
vapors into an H, gas-filled plasma chamber, inside which
precursor dissociation and deposition occurred at 0.2
mbar, 800°C and 500 W RF power. The resulting films
were nearly free of structural defects and mainly consisted
of sp>- and some sp>-hybridized C atoms as well as some
C-O bonds. The contact angle was 135° due to combined
effects of material hydrophobicity and nanoscale surface
morphology. Suitable electrical properties also showed the
possibility to use the films as functional component in
memristors. !

Romo-Rico et al. compared plasma polymerization of
oregano oil onto glass slides at reduced pressure in
continuous wave and pulsed mode. Water contact angles
of 45° and 7° were obtained respectively. The plasma
polymers showed antibacterial activity against S. aureus
and P. aeruginosa whilst supporting human dermal
fibroplast adhesion.!**

Considering essential oil-based plasma polymers, it is
important to remember that essential oils are natural
products whose composition may vary from batch to
batch. Results from different research works can
therefore not be easily compared and may not always
be entirely reproducible with materials from different
suppliers or batches.

Table 1 gives an overview of frequently analyzed
parameters of plasma polymerized essential oils.
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2.2 | PECVD of extractives

In contrast to the use of essential oils, the functionality
and structure of plasma polymer thin films obtained
from pure extractives can be attributed to defined
precursor molecular patterns. Extensive research has
been performed on the plasma polymerization of
terpenes (Figure 5), which constitute 90% of the
components in essential oils, and many of which
are known to be antimicrobial agents.”®*°! They can be
extracted from crude essential oils and are therefore
relatively easily accessible.

Very early research was performed by Linder et al. in
1931, who examined the effect of a glow discharge on 57
different hydrocarbons in the gas phase, amongst them
being the terpenes limonene and pinene. Analysis of the
evolution of the formation of gaseous and solid species
and their chemical composition showed very similar gas
compositions regardless of the original feedstock. The
comparatively high amount of unsaturated species
contained in most of the formed gases was attributed to
relatively mild discharge conditions compared to other
works of the time.!*”]

Bazaka et al. plasma polymerized terpinen-4-ol, a key
component of tea tree oil, using a glow discharge device
with RF power at reduced pressure. In agreement with
comparable studies, the film thickness was found to
increase with deposition time.[*®! Continuing these investi-
gations, Kumar et al. found that the chemical structure of
the films depends on the substrate temperature, because it
affects the balance between adsorption and desorption on
the surface, leading to the formation of different chemical
functionalities and surface morphologies.*”!

The fragmentation behavior of terpinen-4-ol in
plasma was examined by Grant et al. using residual gas
analysis and positive ion mode mass spectroscopy. Both
techniques showed precursor fragmentation to increase

(-)-Borneol Carvacrol Carvone

T g

Linalool Linalyl acetate Menthol

cis-B-Ocimene

AND POLYMERS

with RF power, with a significant amount of precursor
being retained at relatively low plasma power up to 10 W
(Figure 6).1°7

Accordingly, the optical, physical, and chemical
properties of terpinen-4-ol thin films, such as optical
band gap, refractive index, extinction coefficient, hard-
ness, chemical stability and contact angle, are tunable
with plasma power. Films deposited at higher RF power
showed a surface with more, narrower and sharper
peaks, while there was no significant change in surface
roughness parameters R,, Ry, and R > AFM further
showed the surface to be smooth and pinhole-free,
indicating the polymerization to have occurred directly
on the substrate surface and not in the gas phase, which
would result in “dust” on the surface.!®!

Samples were stored in ambient conditions for
almost 50 days to examine the effects of aging.
Refractive index measurements showed the main
material property degradation to take place within the
first week after deposition. Its origin was found in
oxidation processes as well as volumetric relaxation in
the material.'°) Due to their relatively good retention
of the precursor chemistry during the deposition
process, films deposited at 10 W showed antimicrobial
properties against S. aureus and P. aeruginosa, contrary
to those deposited at higher plasma power.['®) Kumar
et al. were additionally able to demonstrate antifouling
properties of these coatings in the marine environment
for a limited period of 1 week.!'*! Jacob et al. examined
the suitability of terpinen-4-ol thin films for use in
flexible organic electronics by incorporating them as
insulating layer in metal-insulator-metal structures and
organic field-effect transistors.'>*! In this context, the
films’ ability to simultaneously block the transport of
electrons and enable the transport of holes, which is of
interest for organic light-emitting diode applications,
was demonstrated.['%4!

S AR

1,8-Cineol

Citronellol Isoprene Limonene
a-Pinene Terpinen-4-ol  y-Terpinene

FIGURE 5 Examples of terpenes deposited via plasma-enhanced chemical vapor deposition.
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FIGURE 6 Electron impact ionization residual gas analysis mass spectra of (a) neutral terpinen-4-ol species and the plasma phase at
(b) 5W, (c) 25W, and (d) 50 W show increased fragmentation for higher plasma powers, the peak at m/z = 154 representing the terpinen-4-
ol monomer.””! Reproduced from Grant et al.l””! (CC BY 4.0). Copyright 2021 by the authors.

While continuous wave deposition had been used
previously for producing films from terpinen-4-ol, Kumar
et al. used pulsed plasma deposition to decrease
precursor fragmentation and functionality loss with the
aim of retaining the precursor's antimicrobial activity. To
this end, plasma polymers were deposited at a peak
power of 10 W and four different duty cycles (10%, 20%,
40%, 100%, resulting in effective plasma power of 1 W,
2W,4W, and 10 W) and a total deposition time of 15 min
at reduced pressure with a pulse repetition frequency of
500 Hz. Chemical radical chain reactions were found to
dominate at lower duty cycles and plasma polymeriza-
tion at higher duty cycles. As a result, films deposited at
higher duty cycles showed a higher degree of precursor
fragmentation and crosslinking, making them more
stable in contact with water. Both the highest bacterial
attachment of P. aeruginosa due to the highest

hydrophobicity as well as the highest antimicrobial
activity were detected on films deposited at 40% duty
cycle.10!

A far more mechanistic approach was chosen by
Ahmad et al., in which the fragmentation and oligomer-
ization behavior of y-terpinene during plasma polymeri-
zation was analyzed by gas phase MS. Precursor
fragmentation was augmented with increasing plasma
power, as shown by the decrease in higher molecular
weight fraction peak intensities and increase in lower
molecular weight fraction peak intensities. It is interesting
to note that oligomeric species [M + H]* and [2M + H]*
(M being the precursor molecule) were observed, with
equally decreasing intensity at increasing plasma power.
Ion deposition was an important part of film formation at
all plasma powers, but a small amount of unfragmented
precursor was also incorporated. The authors identified a
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number of fragments and suggested fragmentation path-
ways (Figure 7).11%¢)

To evaluate the suitability of plasma polymers from
plant-derived secondary metabolites as encapsulation
materials for organic photovoltaics, y-terpinene was
plasma polymerized at different deposition rates onto
glass substrates and onto organic solar cells, respectively,
followed by investigation of the stability of the resulting
films under UV irradiation. Encapsulation of the solar
cell with plasma-deposited y-terpinene led to a signifi-
cantly slower decrease in device efficiency. UV
irradiation-induced degradation of the plasma polymer
thin films manifested itself in photooxidation of the films
with the degradation pathway and velocity depending on
the UV light wavelength and dose.!'*”)

Getnet et al. examined the suitability of carvacrol-
based plasma polymers deposited in atmospheric pres-
sure dielectric barrier discharge as antimicrobial coatings
for stainless steel, which is frequently used as an implant
and prosthetics material in underdeveloped countries.
They observed antibacterial activity against E. coli, S.
aureus, P. aeruginosa, and C. albicans. Good antimicro-
bial activity was attributed to high hydroxyl content,
surface roughness, and hydrophilicity. The coatings were
further stable under UV light irradiation for 1 h and to air
exposure for 120 days and reduced the corrosion rate of
the underlying steel substrate,!**51%%]

Antibacterial properties of 1,8-cineole plasma poly-
mer films deposited at reduced pressure and 20 W RF
power were examined by Pegalajar-Jurado et al. S. aureus
and E. coli attachment to 1,8-cineole plasma polymer
coated glass slides were reduced by 63% and 98%
respectively compared to hydrophilic glass slides. No
leaching of bioactive substances from the films into the
media was observed. Preliminary experiments also
indicated that neither the plasma polymer films nor
potential leachables were harmful to mammalian
cells.['0)

Mann et al. closely correlated surface properties and
antibacterial activity of plasma polymerized 1,8-cineole
films while varying plasma power (50—150W) and
pressure (15—100 mTorr). The plasma phase was
analyzed with OES, while the film surface chemistry
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was examined with XPS and IR spectroscopy. Increasing
pressure leads to less oxygen incorporation in form of
alcohol/ether/carbonyl functionalities. Water contact
angles correspondingly ranged from (54.3+4.1)° to
(85.6+1.1)°. Bacterial attachment assays showed
decreased bacterial attachment and growth for E. coli
after 24 h incubation and 5-day incubation compared to
reference samples (Figure 8).''!)

By plasma polymerization of carvone, Chan et al.
deposited films with an average surface roughness R, of
0.11nm and a water contact angle of 78.8° on glass
substrates. IR spectroscopy indicated that the ring
structure of the precursor was destroyed by fragmenta-
tion. Bacterial adherence of E. coli and S. aureus was
decreased compared to untreated glass coverslips, along
with bacterial growth which was reduced by over 80%.
No cytotoxicity toward human cells was observed.!'?!

Tone et al. compared the suitability of different
plasma polymerized terpenes, namely L-menthol, (S)-
(-)-B-citronellol, (1S)-(-)-borneol, and R-limonene for
ultrafiltration membranes made from cellulose acetate
for separation of racemic amino acids. They found that
the coating deposition not only depends on deposition
time, but also on the precursor structure and reactivity,
with ring tension and double bonds leading to increased
deposition rates. All membranes showed similar partition
coefficients toward separation of racemic amino acid
mixtures. When comparing membranes with the same
degree of coating fixation at the same volume flux, those
with citronellol-based coatings showed the highest
separation factor.[!*3!

Research toward production of synthetic rubber thin
films has been performed by Giirsoy et al. by plasma
polymerizing isoprene at reduced pressure and 5-35W
RF power. The characterization of the obtained films
showed a basically good preservation of the precursor
structure together with a decrease of the C=C double
bond content. The stretching resistance of plasma
polymerized isoprene deposited on an elastomer was
evaluated using contact angle measurements and the
material was shown to withstand up to 1000 stretching
cycles of 25% elongation and sho