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Abstract

In the present work, a polydiagnostic study of an atmospheric pressure plasma
jet specifically designed for the deposition of coatings by using an Ar/tetraethyl
orthosilicate (TEOS) mixture is undertaken. Both passive and active diagnostic
methods are utilized to shed light on the complexity of gas-phase mechanisms
of precursor fragmentation. A detailed characterization is performed by (fast
imaging) optical emission spectroscopy (OES) to clarify the spatial-temporal
behavior of excited species. The influence of the TEOS admixture on gas
temperature is studied by OES and Rayleigh scattering techniques. The
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1 | INTRODUCTION

Various applications of atmospheric pressure plasmas for
deposition of Si-based thin films on thermosensitive
polymers have high industrial potential in a variety of
fields, including food/beverage packaging and biomedical
devices, due to economic and technological advantages in
comparison with state-of-the-art vacuum coating techni-
ques.™?! Until now, different atmospheric plasma con-
figurations have been described in the literature for the
deposition of Si-based coatings, and a number of process
parameters, which have a significant effect on the
properties of the plasma-synthesized film, have been
highlighted.[>®! In this respect, the suitability to perform
local treatments of complex 3D surfaces and the
possibility of varying the treatment zone scale from a
few square centimeters down to the submillimeter range
makes the atmospheric pressure plasma jet (APPJ) one of
the most promising plasma sources for Si-based thin
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film deposition. The use of different jet geometries, the
effect of an air/oxygen admixture, and the impact of
different pulse repetition frequencies and substrate
temperature on thin-film features have already been
investigated in the past.”*! However, despite the good
understanding of APPJ-related processes!® ! as well as
the successful results obtained by several research groups
in terms of thin-film properties with APPJs,!"**3! further
optimization of the deposition process based on the
obtained results requires a higher level of understanding
of both the discharge physics and the chemical gas-phase
mechanisms involved.

Attainment of a clear correlation between the chosen
plasma parameters and the chemical and morphological
features of the plasma-deposited films is of particular
interest for the APPJs working in Ar/tetraethyl orthosi-
licate (TEOS) mixtures.'*! In fact, among the variety of
possible organosilicon monomers, the choice of TEOS as
a precursor has recently gained wide interest in the case
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of atmospheric pressure plasmas as it is easily convertible
into Si-based thin films possessing low organic content
and thus suitable for a large number of applications such
as improvement of packaging barrier properties.**!
However, the lack of clarity related to the dominant
gas-phase reactions and the complete absence of refer-
ence data about monomer fragmentation pathways in the
case of Ar/TEOS plasma atmospheric deposition is
actually one of the main barriers to an adequate control
over the process and coatings properties.

As a first step toward a detailed study of the most
significant gas-phase processes having a key role in the
thin film features definition, the use of integrated time-
and space-resolved discharge diagnostics is strongly
anticipated. Diagnostics-wise, most research has been
performed with the use of optical emission spectroscopy
(OES) until now, mainly due to its nonintrusiveness and
easy-to-setup features as well as due to the fact that OES
provides information about the excited plasma spe-
cies.'®l Even if the density of emitters in plasma is
much lower than the density of species in the ground
state, the use of emission-based techniques is an
important first step for an in-depth understanding of
any plasma process.'%1°]

The OES technique is combined in this study with the
polydiagnostics of an APPJ for the deposition of Si-based
thin films by using an Ar/TEOS mixture. Even though
the use of the abovementioned APPJ has already been
considered by some authors for the polymerization of
biocompatible amine/amide-rich coatings, the use of
such a plasma source for Si-based thin films polymeriza-
tion remains so far unexplored.*® Thus, addressing the
abovementioned issues, the aim of this study is twofold:
(a) to study the TEOS influence on the plasma gas

temperature, electron density, and spatial-temporal
behavior of excited species in an Ar/TEOS APPJ; (b) to
shed light on the predominant gas-phase mechanisms in
the presence of heavy molecules of TEOS leading to
deposition of organosilicon coatings. High-resolution
spectra of the OH(A-X), N,(C-B), and CH(A-X) emission
bands have been used for rotational temperature
measurements and the conditions for which these
temperatures can be assumed equal to the gas tempera-
ture (Tg,s) in the case of the Ar/TEOS mixture are
discussed. The applicability of the Rayleigh scattering
method for T,,, measurements during a deposition
process is further analyzed, and the time- and space-
resolved behavior of the excited species have been used to
discuss possible mechanisms involved in the excited state
generation. Finally, some representative thin film surface
characterization results, obtained by attenuated total
reflectance-Fourier-transform infrared (ATR-FTIR) spec-
troscopy and scanning electron microscopy (SEM)
analysis, are reported.

2 | EXPERIMENTAL SECTION

2.1 | Plasma deposition systemcalled

A schematic view of the setup used in this study is shown
in Figure 1. The plasma source consists of a single
electrode corona jet (called “AlmaJET” - see Figure 2 for
details) well suited for localized plasma treatment and
deposition of complex 3D coatings.[***!] Ar gas flow of 2
standard liter per minute (slm) was injected in the
discharge region through the primary channel; while,
simultaneously, a second flow of 3slm of Ar was
introduced through the secondary gas channel in the

o

.
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FIGURE 1 Layout of the plasma deposition setup: (1) Ar supply, (2) bubbling system, (3) digital mass flow controller, (4) plasma source,

(5) intensified charge-coupled device camera, (6) synchronization unit, (7) high-voltage generator, (8) current probe, (9) voltage probe, (10)

oscilloscope
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FIGURE 2 Plasma discharge in (a)
Ar or (b) Ar/TEOS mixture (no optical
filtering); (c) the scheme of the APPJ
source, APPJ, atmospheric pressure
plasma jet; HV, high voltage; TEOS,
tetraethyl orthosilicate

region downstream of the high-voltage (HV) electrode
tip. The amount of precursor content, introduced in the
primary channel of the system, was controlled by setting
the flow of carrier gas (0.065 slm of Ar) passing through a
bubbling system filled with TEOS precursor (Si0O4CgH,q,
>99%; Sigma-Aldrich). The concentration of TEOS
injected in the feed mixture, equal to 17 ppm, was
calculated by assuming 20°C of gas-flow temperature and
1 Torr saturation pressure of TEOS.'*?! The flow rates
were controlled by digital mass flow controllers (EL-
FLOW; Bronkhorst). The distance between the HV tip of
the APPJ and the dielectric plate, which covers the
ground electrode, was kept constant at 15 mm. The upper
electrode was connected to an alternating current (AC)
power supply (AlmaPulse, AlmaPlasma s.r.l.) operating
at a frequency of 12kHz and 12kV of amplitude.

To measure the power applied to the plasma device,
voltage and current waveforms were recorded by means
of a Tektronix P6015A high-voltage probe and a Pearson
6585 current transformer connected to a Tektronix

PLASMA PROCESSES 30f15
AND POLYMERS
(c) v
ELECTRODE

SECONDARY
CHANNEL

PRIMARY
CHANNEL

Y=0 mm

Y=15 mm

3 < Dielectric plate
g ; Ground plate

obtained based on these waveforms (see Figure 3) has
been kept constant in all experiments at 11.5W. The
filamentary Ar and Ar/TEOS plasma discharges, shown
in Figure 2a and 2b, respectively, are sustained in
ambient air, so the air back diffusion has to be taken
into account when discussing the obtained results.

2.2 | OES and fast imaging setup

The OES measurements were performed along the
discharge axis at 7.5mm from the APPJ head (y=0)
using an Andor Shamrock-750 spectrometer equipped
with a 1,800 or 3,600 gr/mm diffraction grating and an
Andor iStar 740 intensified charge-coupled device (ICCD)
camera used as a detector. The plasma emission was
guided to the spectrometer by using a UV-VIS optical
fiber. The wide range spectra were measured with a
resolution of 0.05nm at FWHM (full width at half
maximum), while the time-resolved spectra were re-
corded with a resolution of 0.03 nm, except for the case of

DP0O40034 digital oscilloscope. The input power, H, lines used for electron density calculation (0.048 nm).
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In all the cases, time-resolved OES spectra have been
acquired with a time-step of 1 us.

The ICCD camera, equipped with a Cerco 100 mm f/
2.8 UV lens transparent in the 220-900 nm range, was
also used to capture time-resolved 2D OES images by
applying five different bandpass filters with the central
wavelength at 696, 780, 340, 309, and 430 nm to detect
Ar, O, N,, OH, and CH emission lines/bands, respec-
tively. Single shot CH and OH images have been obtained
with a gate time of 1 us while 5 ps was used in the O atom
case (due to low intensity). Radiation patterns of Ar I and
N,* were acquired at 2 us of gate time. The ICCD camera
was synchronized with the AC generator by means of a
Stanford Research DG645 Digital Delay Generator and a
TTL signal generator (synchronization unit in Figure 1).
The time delay (starting from the positive voltage peak)
was set at 2, 22, and 42us to reflect the discharge
appearance during the positive and negative voltage half
cycles as well as between the peaks.

2.3 | Gas temperature and electron
density measurements

One of the most widespread methods for gas tem-
perature (Tg,) measurements is the calculation of
rotational temperature (T,,) of excited diatomic
molecules assuming that Tgas~ Tror. In the atmo-
spheric pressure plasmas, however, the population of
rotational states is often characterized by a prominent
non-Boltzmann shape. Thus, in these cases, T, only
reflects formation of specific excited states, not giving
a reliable solution for gas temperature.!?*?*! In this
respect, various simulation softwares, such as Lifbase,
are based on the assumption that rotational states are
Boltzmann-distributed, and, as a consequence, a
careful results analysis is strongly required. In the
current work, rotational temperatures at the excited
OH(A), N,(C), and CH(A) states are determined by
using two different software. For rotational tempera-
ture of the OH(A) state, it is known that only
rotational states with small rotational numbers are
capable of giving the real gas temperature.!?*! For this
reason, T,,, of OH radicals was obtained using
MassiveOES software, which takes into account only
rotational states with J < 9. These measurements were
performed with and without precursor to verify how
its presence affects Tg,s. In contrast, Tro; of N; and CH
excited molecules were determined by the fitting
method using Lifbase software in a single T,
approximation.

Numerous research groups have estimated Ty, from
the rotational temperature of OH and N, excited states
for different high-pressure plasmas so far. Bruggeman!*®!

has shown that in the case of DC-excited discharges
generated in water, OH cannot be used as a reliable
estimate of Ty, as high H,O density leads to a significant
overestimation with respect to the values obtained with
the N,(C-B) band. In addition, a similar study performed
by Nikiforov!*®! using an APPJ generated in Ar/water
mixtures has proven that the T, of N, molecules is much
higher than the expected temperature while Tg, is
equivalent to the temperature determined by the first
slope of the Boltzmann plot of OH radicals. In this study,
the same issue has also been checked in the case of Ar/
TEOS mixture to identify which of the two chosen
molecules provide the best estimation for Tgys.

Considering TEOS fragmentation, accompanied by
CH radical formation, Tg,s measurements via high-
resolution CH emission spectra are discussed in this
paper for the first time. Although CH radicals are
common byproduct of atmospheric pressure deposition
of organosilicon precursors and CH band emission
intensity is commonly used for estimation of the
conversion rate toward Si-based thin films, the appear-
ance of a distorted rotational distribution is very likely as
a result of the complex CH formation process in Ar
plasmas.!®! The appropriate analysis of CH emission may
provide a convenient way to control deposition processes
through the T, (CH) estimation and clarify the
excitation mechanisms in the presence of TEOS in
general.

It is known that precursor fragmentation strongly
depends on plasma properties, such as the ionization
degree. For electron density measurements under
atmospheric pressure, Stark broadening of the hydro-
gen or hydrogen-like atomic spectral lines is the most
widely used method.[**?”! In this study, a time-
resolved H, has been used to obtain the electron
density evolution during the positive and negative
voltage peaks for the case of Ar/TEOS APPJ. As is
known, in the case of atmospheric discharges, the
experimentally measured H, line broadening repre-
sents convolution of different broadening mechanisms
(corresponding to either Gaussian or Lorentzian line
shapes). The Stark broadening estimation formula, in
this case, is well known.!?®?°! It is important,
however, to highlight that in the case of APPJs, the
natural- and resonance-broadening contributions are
almost negligible, as reported by Nikiforov et al.!*”]
Doppler broadening, however, has been estimated in
our case to be rather low as well (about 1.3 pm), which
cannot considerably affect electron density calcula-
tion. Consequently, all broadening mechanisms with a
Gaussian profile were neglected in this study, and
only a convolution of several Lorentzian profiles was
taken into account:
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Aldexp(nm) = Adg + Advaw + Alins, 1)

where Al;, Advaw, and Al are the FWHM of Stark,
Van der Waals, and instrumental broadening, respec-
tively. Aldins =0.048 nm in our case (measured by an Hg
line in a low-temperature plasma source). For Advaw
calculation, the formula suggested by Hofmann et al. was
used.! Finally, electron density values were calculated
as a function of AJ using the data tabulated by Gigosos
et al.® in the case of the H, line.

2.4 | Rayleigh scattering experiment

The experimental setup used in this study for Rayleigh
scattering measurements is shown in Figure 4. As
described in the previous studies,3>*3 this active
spectroscopic technique is typically used for gas
temperature measurement, as the scattering signal (I)
is proportional to the density of heavy particles (n’),
which is, in turn, inversely proportional to the Tg
value at a constant pressure (p), as defined by the ideal
gas law:

I~Zaini = Zai P , ©)]
i i ngaskB

where kg is the Boltzmann constant and ¢ is the Rayleigh
scattering cross-section of heavy species at 532 nm.4
Although in our case, the APPJ works in ambient air, the
Rayleigh scattering signal can be considered independent
of the percentage of air in the gas mixture as the
scattering cross-sections of Ar (5.4x107?m?, N,
(6.2x107**m?), and O, (5.3 x107**m?) are all compar-
able.’>! Next, by using the relation Tyl = Tretlres, it is
possible to deduce Tgs in the plasma area from
the Rayleigh scattering signal (I) and a reference

AND POLYMERS

measurement (Ir) obtained with the Ar gas flow on
and the plasma discharge off at a known ambient gas
temperature (T = Tamp). Correspondingly, the laser
scattering method is well suited for validation of the
emission spectroscopy results, namely the T, values
obtained using OH, CH, and N, excited states.

In our experiments, the laser scattering measurements
were done by using a pulsed Nd:YAG laser (Litron Nano
S), operating at 532nm with a pulse energy of 8 mJ, a
repetition rate of 10 Hz, and 8 ns of pulse duration. The
scattered light was collected perpendicularly to the laser
beam by a fast imaging gated Hamamatsu digital camera
with a 532nm filter (Adgwenv =10nm) and 500ns of
exposure time to obtain a superior image quality and
compensate jitter. The setup used to synchronize the ICCD
camera with the laser is similar to the one used for time-
resolved OES measurement. For all T zas IMEASUTEMENLS,
the laser beam, characterized by a size of 8 X 0.1 mm, was
passing through the plasma discharge at a distance of
7.5mm from the gas outlet to avoid beam reflection from
either the dielectric plate or the APPJ head. The Rayleigh
scattering method has higher sensitivity compared to the
rotational analysis resulting in a Tg,s accuracy of +15K.

2.5 | Thin-film surface characterization

Si-based thin films were deposited onto polypropylene
(PP) foils of 0.5 mm thickness and 25 mm width (Good-
fellow, UK). The thin film chemical structure was
analyzed by ATR-FTIR spectroscopy, where the spectra
were acquired by using an Agilent Cary 660 spectrometer
with 32 scans at a spectral resolution of 2cm ™. Thin film
morphology was investigated by means of a Phenom G2
ProX scanning electron microscope by applying an
accelerating voltage of 10kV. A sputter coater (SC7620;

FIGURE 4 Rayleigh scattering 2
spectroscopy setup including (1) Nd:YAG
laser at 532 nm, (2) synchronization unit, (3)

prism, (4) sheet forming optics, (5)
intensified charge-coupled device camera,
(6) beam dump
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Quorum Technologies) was used to cover the thin film
surface with gold-palladium before SEM analysis.

3 | RESULTS AND DISCUSSION
3.1 | Emission spectra analysis and T,
measurements

TEOS injection in the discharge region does not perturb the
emission spectrum drastically (compared with the pure Ar
discharge case), as shown in Figure 5. For the sake of clarity,
the low-resolution spectrum here is divided into two wide
spectral ranges (300-670 and 690-850nm), by using an
exposure time of 200 and 5ms respectively. Most of the
emission lines located between 690 and 850 nm (Figure 5b),
corresponding to the Ar 4p — 4s transitions, are character-
istic of atmospheric pressure Ar plasma; while a significant
emission from the nitrogen second positive system (N,(C-B))
and the hydroxyl radicals’ (OH (A-X)) band is observed
between 300 and 650 nm (Figure 5a), due to the presence of
the surrounding air and water vapor traces.**! Moreover, the
addition of TEOS leads to the appearance of the CH, CN, and

@

C, emission bands, as a result of its fragmentation by
electron impact or Ar metastable collisional processes.”*”
The detailed line and rotational band assignments for the
mentioned atoms and molecules are given in Table 1.

It is important to bear in mind that the APPJ described
in this study has been specifically applied for the
deposition of thin films on thermosensitive materials.
As a consequence, among various physical plasma
properties, gas temperature is one of the key parameters
for adequate control of the deposition process. Apart
from having a strong influence on the kinetics of gas-
phase reactions and in-flight particle nucleation, Tg, has
a central role in the definition of thin-film properties. As
demonstrated in several studies, in the case of deposition
on a polymeric substrate, high processing temperature
may result in severe morphological defects, such as crack
formation, thereby hampering industrial applicability of
the films.*®! Thus, this key parameter should be carefully
controlled to maintain an appropriate temperature of the
heat-sensitive surfaces.

To address this point, two different spectroscopic
methods for T, measurement have been applied. As a
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FIGURE 5 Overview and high-resolution spectra in Ar/TEOS mixture: (a) 300-650 nm, (b) 690-840 nm, (c) 306-312 nm — OH(A-X),
(d) 332-338 nm — N,(C-B), (e) 430-432 nm — CH(A-X) measured at the negative voltage peak at 42 ps time delay. Molecular bands marked
by red numbers appear as a result of TEOS addition. TEOS, tetraethyl orthosilicate



BARLETTA ET AL.

TABLE 1 Detailed spectra assignment in Ar/TEOS mixture

No. Species Transition A(nm)
1 OH A X T 308.9
2 N, C°I1, —B I, 337.1
3 CH BZA—X 1 388.9

CN BZ-X % 386.2,

387.1

4 Ar1 3ps —1s4 419.83
3po—1ss 420.06

5 CH APASX T 431.3
6 C; &’y —a’Tl, 518.0
7 H, 2p—3d 656.28
8 Arl 2p; —1ss 696.54
2p1—>152 751.46

2ps—1ss 763.51
2ps —1s; 772.42

2ps—1s; 794.81

2p9—>1$5 826.45

9 ol 3p — 3s 777.41

Abbreviation: TEOS, tetraethyl orthosilicate.

TABLE 2 OH, N,, and CH rotational temperature mean values
calculated in Ar or Ar/TEOS mixture by using 0.03 nm of spectral

resolution

Primary gas Excited Rotational

flow species temperature (K)
Ar OH (A-X) 382+ 50

Ar N, (C-B) 549 + 50
Ar/TEOS OH (4-X) 409.7 + 50
Ar/TEOS N, (C-B) 551.6 + 50
Ar/TEOS CH (4-X) 590 + S0

Abbreviation: TEOS, tetraethyl orthosilicate.

first step, OES has been used for rotational temperature
calculation of the OH A*X* — X? II; (0,0), N, C °II,—»B
*I, (0,2), and CH A®A — X °II (0,0) molecular emission
bands. The OH, N,, CH high-resolution spectra acquired
at the negative voltage peak (42us) in the Ar/TEOS
mixture are reported in Figure 5, and the results of the
measurements are summarized in Table 2. As expected,
taking into account the low percentage of TEOS
introduced as well as the measurement accuracy, the
precursor injection has a nonsignificant impact on Ty of
the abovementioned N, and OH molecules. However,
from Table 2, it is clear that T, obtained using N, and
CH bands (~550-590 K) are considerably higher than the
value estimated from OH transition (~410 K).

AND POLYMERS

These experimental results corroborate with several
previous studies claiming overestimation of Ty, obtained
by N, emission bands in the case of Ar plasma generated
in ambient air, due to the presence of Ar metastables
(Ar™) leading to production of N,(C) excited molecules
by a quasi-resonance process (see Equation (6) in Section
3.3).12%

Surprisingly, the T, results obtained with CH band
are very similar to those obtained with N,, contradicting
at the same time, the OH-based T, values. As the use of
CH emission for Ty, estimation has never been discussed
for atmospheric pressure deposition processes with TEOS
as precursor, further efforts are required to understand
the observed disagreement. It is well known that the
rotational distribution of excited diatomic molecules
formed by direct electron impact from the respective
ground state normally corresponds to rotational distribu-
tion in the ground state.**! Nevertheless, the presence of
TEOS-related dissociation reactions, electron impact
dissociative excitation, and Penning reactions have to
be taken into account to understand the pathways of CH
radical formation.

The simplified model for CH radical formation in our
case is given in Figure 6. As reported by Okimura
et al.,[39] at the electron energy below 8-9eV the first
products of TEOS dissociation are most likely hydro-
carbon fragments such as C,H, and C,Hs, while at the
energy around 15 eV (which exceeds the energy of Ar 1ss
state), CH; and Si(C,Hs0), stable fragments are mainly
formed. Moreover, during the deposition process, several
ionized fragments, produced by dissociative ionization of
TEOS molecules, can further affect CH(A) radical
production. For example, as shown by Kawaguchi
et al1*l the highest partial ionization cross-sections
corresponding to SiO4C¢H;s* (8 X 107'® cm?) and OC,Hs*
(3% 107" cm?) ionized fragment pathways require about

~ l ~15eV
8eV Si(OC,Hs), e LA ;
\\\\/} :
e :
~45eV ~15eV N Y
C,H; OC,H; CH;
l CH, l Si0,CeHys* Si,(C;H50)y
CH,+ CH, CH,+H ‘/
l C,H,

CH+e — Cy4Hy.4+ CH(X) I CH(X)+e —> CH(A)
CH,+e — C,4Hy +CH (A)

FIGURE 6 Main formation pathways of CH(A) radicals; —
electron impact dissociative reactions, --- Ar metastable collisions,
.« « « dissociative reactions
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11-12 eV of electron energy, which is close to the Ar™
energy level. Moreover, despite the absence of detailed
information about the products and rate coefficients in
the case of Ar™-TEOS reactions, Le Brizoual*'! has
shown that TEOS molecules quench Ar metastable atoms
nearly as fast as oxygen. Therefore, by assuming the same
quenching rate constant reported by Piper'*?! for Ar™-0,
collisions (2.1 x 107*° cm?/s), it is possible to hypothesize
a dominant role of Ar™ in the TEOS dissociation
processes due to very fast reaction kinetics.

Nevertheless, in general, it can be stated that the
primary products of TEOS fragmentation induced by
electron impact and collisions with Ar™ are the C,
hydrocarbons and the Si-containing fragments. These
species can be further dissociated contributing to CH(A)
radical production. Several authors have shown that
C,Hs and C,H, fragments can be in turn defragmented
into CH, CH,, and CH; radicals. For instance, the work of
Steinbauer et al.!*}! reported that about 4.67eV is
required for dissociation of C,Hs to CHj;(*A,”) and
CH,(*B,/*a;), while only 1.57 eV is required for dissocia-
tion of C,H; leading to C,H,(X'A,) and H atoms.**! The
latter mechanism is a very probable dominant pathway in
the case of the Ar-based plasma jet with a mean electron
energy of about 1eV.*! As a consequence, CH;-CH
radicals are likely the main products of TEOS fragmenta-
tion and the primary source of CH(A) radical production,
visible in our OES spectra (see Figure 5).

In general, the CH(A) excited state can be populated by
electron impact dissociative excitation of hydrocarbons, such
as CH;—CH, by high energy electrons (around 14 eV) or by
direct excitation of the previously dissociated ground state
CH by low energy electrons.!**!

In spite of the suggestions given above, the exact
mechanisms of CH;-CH radical defragmentation into CH
(A) and CH(X) radicals in the case of Ar/TEOS plasmas
remain hidden. Assuming the C-C bond dissociation energy
of about 3.6-3.9eV and a required excitation energy of
~4-6 eV for CH(X) to CH(A) excitation, there are number of
possible mechanisms through reactions with OH radicals,
Ar™ and other excited particles, which could influence
rotational distribution of the CH(A) state.'*! Moreover, this
distribution might also be nonthermal, resulting in consider-
ably higher values of T, compared with those observed in
our case. Unfortunately, the suggested non-Boltzmann
distribution cannot be directly confirmed experimentally, as
the CH(A-X) spectra obtained in this study, even under
maximum spectral resolution, possess a rather complex
structure due to the partial overlap of the Q, R, and P
branches for rotational numbers J> 9.

It is known that for Ar plasma in a humid environ-
ment, Tyor = Tgas in the case of the OH band only if the
lowest rotational levels are considered.**! The presence

of the TEOS precursor in the gas phase, however, may
strongly influence T, values and TEOS dissociation itself
has to be taken into account. To investigate this effect,
T.or obtained (using OH band) with and without
precursor has been analyzed. The temperature calculated
from the OH spectrum in Ar is 382 + 50 K which is in
reasonable agreement with the results obtained for Ar/
TEOS mixtures (see Table 2).

It is possible to assume Ty, (OH)~ Ty also in the
presence of a small amount of precursor, as its dissocia-
tion does not affect generation and excitation of OH
radicals due to a very low concentration. Obviously, due
to a strong discrepancy between T,, obtained with
different emitting species, an independent measurement
of the gas temperature by the Rayleigh scattering
technique is required for cross-validation. Rayleigh
scattering, in spite of its high accuracy, has its own
limitations, for example, interference with the Mie
scattering signal in dust-containing plasmas.[46] The
mentioned effect can be seen in Figure 7b, as measured
during the actual deposition process. As a consequence,
in the case of the Ar/TEOS mixture, it is impossible to
measure Tg, by Rayleigh scattering due to the Mie
scattering signal appearing during the nucleation process
in the gas phase. Correspondingly, laser scattering was
only used in pure Ar plasma.

By taking into account the respective experimental
errors, the results show that Ty, measured by Rayleigh
scattering at the time positions corresponding to the
positive and negative voltage peak (see Table 3) is close to
the values estimated by the OH(A-X) band.

In conclusion, the rotational distribution of OH(A) in
Ar/TEOS plasmas could be used for Tg,s measurement,
taking into account the limitation relevant to filamentary
Ar plasmas, while a strong overestimation of Ty, has
been revealed in the case of N, and CH emission. As a
result, in the latter cases, the rotational temperature is

- —_—
-

(d) Tl ;—(e)

sl

FIGURE 7 Rayleigh scattering images in (A) pure Ar or (B)
Ar/TEOS (tetraethyl orthosilicate) mixture without
synchronization. Scattering was induced by laser light at 532 nm:
(c) Rayleigh scattering region, (d) Mie scattering of nanoparticles
nucleated during the gas-phase process, (e) Mie scattering on dust
in ambient air



BARLETTA ET AL.

TABLE 3 Comparison of gas temperature results obtained by
OES (T,o) and Rayleigh scattering at different time delays (see

Figure 3)
Time delay Tyt (OH band) Rayleigh scattering
(us) (X) (X)
5 410 + 50 390 +15
25 320+ 50 310+ 15
45 390 + 50 340+ 15

Abbreviation: OES, optical emission spectroscopy.

the only representative of the different production
processes and cannot be used to obtain a good estimation
of Tgas.

3.2 | Electron density

TEOS fragmentation and reactive species production
are known to be controlled by electron impact
reactions and argon metastables collisions during
the positive and negative current peaks of a pulsed
Ar discharge.!*’*8! To correlate the APPJ discharge
behavior with electron kinetics and shed light on the
complexity of the gas-phase mechanisms in Ar/TEOS
plasmas, a time-resolved measurement of electron
density has also been undertaken in our work, using
the Stark broadening approach. Indeed, Stark
broadening of H, and Hg lines remains one of
the most suitable methods for electron density
determination in the case of relatively dense plasmas
(ne > 102 m™3).127!

Even though the most reliable way to estimate
electron density implies the Hz emission line
(486.14nm), the usability of the H, line (656.28 nm)
has also been demonstrated by several authors.*”!
Figure 8 shows an example of time-resolved H, line
evolution used for electron density calculations in the
case of Ar/TEOS plasma, starting from t=—-8pus (i.e.,
before the beginning of the positive voltage pulse) to
t =49 us (end of the negative voltage pulse). As illustrated
in Figure 3, at t = —6 us, the discharge current rise begins
and consequently (see Figure 8) the H, intensity reaches
the maximum. Afterward, its intensity decreases by
approximately 50% during the subsequent 3 pus, most
likely due to electron-ion recombination,*>*" and
further decreases by about 90% until the end of the
positive voltage pulse. The H, emission after the falling
edge of the positive voltage pulse appears too weak for
reliable Stark broadening calculation and was excluded
from analysis. In contrast, the H, intensity at t=37 s
(negative peak) is stronger compared with the positive
peak case, decreasing more than 50% during the
subsequent 3 ps. The H, intensity increases again after

AND POLYMERS

the voltage falling edge (see Figure 9c) pointing out a
rather strong secondary discharge taking place during the
negative half period. As a consequence, the negative half
period (Memax ~10*>m™) is characterized by higher n.
values compared with the positive one (Memax
~102m™>), which is also reflected in the temporal
dynamics of n.. The Stark broadening method introduces
an error of about 10% in n, estimation for relatively high-
density values (1. >10*° m™>), while an error of at least
20% is found in the case of low electron density
(ne < 10%° m~3).1?!

3.3 | Phase-resolved measurements

From Figure 9, it is clear that the n. dynamics described
above (Figure 9c) clearly correlates with excited species
production in Ar/TEOS plasmas (Figure 9e-i). The time-
resolved emission profiles of the excited species, such as
O atoms, N, molecules, and OH and CH radicals, could
provide additional information to understand which
excitation processes are dominant during the plasma
evolution.

Few phase-resolved emission intensity patterns can be
observed in Figure 9, namely the “multi-peak” behavior
of 3p—»3s O I and CH A ?A — X °II (0,0) transitions at
777.4 and 431.3 nm is presented in Figure 9f, i) while the
“double-peak” behavior of N, C °IT, — BII, (0,0) and OH
A’Tt - XTI (0,0) transitions (appearing at 337.1 and
308.9 nm, respectively) is shown in Figure 9g,h. In the
first case, the relative intensities at t = —6 ps (positive half
period) and at t=37us (negative half period) are
comparable despite the previously described discrepancy
detected in terms of n.. In contrast, the “double-peak”
behavior resembles the n, profile in terms of the relative
intensities ratio between the peaks. A short discussion
suggesting possible reasons for such behaviors is given
below.

Counts [a.u.]

655,0 656,0
Wavelenght [nm]

FIGURE 8 Time-resolved H, emission peak at 655.28 nm with
a time-step of 1 us and 0.048 nm of spectral resolution
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FIGURE 9 Time-resolved reactive
species emission: (a) applied voltage, (b)
current, (c) electron density, (d) H,
emission lines at 655.28 nm, (e) Ar
emission lines at 696.6 nm, (f) O atom
emission lines at 777.41 nm, (g) N,
emission lines at 337.1 nm, (h) OH
emission lines at 308.9 nm, (i) CH
emission lines at 431.3 nm
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It is well known that the presence of the O(3p) excited
state (the upper state for the observed O emission in
Figure 9) in the atmospheric pressure Ar discharges can
be ascribed to O, molecular dissociation by electron
impact (O, + e = O + O* + e), Penning ionization of O,
involving Ar metastables (Ar™ + O, = Ar + OF + e),
direct excitation process of ground state O
(O + e —» O* + e), or dissociative excitation of the water
molecules (see Equations (3) and (4)).°!! The 0, electron
impact dissociation or Penning processes, subsequent to
ambient air diffusion into the plasma discharge, do not
contribute to O(3p) excited state production, therefore,
the most probable explanation of the “multi-peak”
behavior is the presence of water vapor traces in the Ar
flow. In this regard, as suggested by Beenakker et al.,l

O(3p) excited atoms are produced by the dissociative
excitation of H,O:

H,0 (X) + e = O(3p°P) + H,(X'E) + e (Ethreshold
= 157eV), 3)

HO0X)+e— O(3PSP) + H + H + e (Ethreshold
= 20.2 eV). 4)

Hence, the O(3p) state production is likely limited by the
dissociation rate of H,O molecules reaching a saturation
level at the time delay corresponding to both peaks due to
the very low amount of water in the discharge, as confirmed
by time-resolved fast imaging of the excited O atoms.
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However, due to diffusion of the surrounding air
molecules, the maximum N, emission appears at the
37 us time period as a double-peak, which is generated
because of electron or Ar™ collisions with N, ground
state molecules:

NZ(Xlzg) + e = Ny(C*IL,) + e (Egpreshold = 20.2 €V),
(5)

Ny(X'Zf) + Ar™ — Ny(CIT,)+ATr, 6)

and further electron impact reactions between the pre-
excited N, (B’IIy) and N, (A%Z,") states.*]

A “double-peak” behavior has also been identified for
OH(A-X) emission. In Ar plasmas the excited OH(A)
radicals can be produced either by dissociative electron
excitation of water molecules

H,0* + e — OH(A2 %) + H + e (Etnreshold = 9.1 €V),
(7

or by Ar™-H,O reactions!**:

H,0* + Ar™ — OH(A2X') + H+Ar. €]

If the mechanism (7) is dominant, OH(A) radicals
would present a “multi-peak” behavior reaching a
saturation level; while, the second pathway should result
in a “double-peak” emission profile, which takes place in
our case. This dominant process confirmed in Figure 9h,
does not preclude the presence of the other mechanisms,
such as direct electron impact excitation of dissociated
OH(X) radicals, which contributes widely to the popula-
tion of excited OH at rotational levels with J < 12.

OH(XZH) + e - OH(A2 Z+) +e (Ethreshold =4 eV).
9

To discuss CH temporal behavior (Figure 9i), it is
necessary to take into account the main TEOS dissocia-
tion products generated during the deposition process. As
mentioned above, the TEOS molecules after their
collisions with electrons and Ar™ may produce stable
fragments, such as CH;-CH, which can be further
dissociated forming ground state CH(X) or excited CH
(A) radicals. In our case, the found CH(A) emission
possesses a “multi-peak” behavior, as the CH(A) state
population is probably limited by the dissociation rate of
CH;-CH fragments considering the low amount of
precursor injected to the APPJ. Single-step dissociative
excitation processes of CH;-CH fragments or collision

AND POLYMERS

with Ar™ are unknown, however, considering that the
typical electron energy is close to 1eV in the case of Ar
APPJ, it is probable that most of the CH(A) emission
occurs due to the electron impact:

CH(X?A) + e — CH(A2TI) + e (Enreshod = 3-4 €V).
(10)

In addition, unlike the other radicals, the CH(A)
emission intensity also forms secondary peaks, corre-
sponding to the second current pulses, which confirm that
CH(A) time-resolved behavior is caused mainly by low
threshold energy reactions or collisions with other
excited radicals such as OH.

In addition, as shown in Figure 9i, the phase-resolved
emission intensity pattern of CH is also slightly delayed
in time with respect to the other excited species. This
delay of about 1-2 us could be related to the occurrence
of simultaneous CH ground state excitation processes
induced by electron or Ar™ collisions and consequent
multistep depopulation processes. Indeed, different CH
states, such as CH(B) or CH(C), or CH(A) with higher
vibrational numbers can populate the CH (A4, v = 0) state
before reaching the ground state, thus retarding the
431.3nm transition time-evolution. However, further
experimental tests are required to confirm the suggested
mechanism.

3.4 | Time-resolved discharge imaging

Spatial distribution of the excited species in the active
plasma region may further clarify the most important
nucleation and thin film growth processes occurring both
in the gas phase and at the gas—substrate interface. To
understand the main formation mechanisms involved in
the atmospheric pressure deposition process, a detailed
study of the evolution of streamers formed between the
jet electrodes is required, which is described in this
section. The phase-resolved 2D spatial emission of Ar,
atomic O, N,, OH, and CH excited species is presented in
Figure 10 during the positive/negative pulses and
between the current peaks in the case of the Ar/TEOS
mixture. As can be seen from the voltage waveform, all
images were obtained after the voltage falling edge,
corresponding to the second current peak.

As shown in Figure 1, the APPJ configuration used in
this study is composed of an HV single electrode corona
jet facing grounded plate covered with a dielectric barrier.
Accordingly, the discharge is characterized by an
intensive plasma region located close to the tip of the
HV electrode, as confirmed by the Ar I emission at the
top of Figure 10. In addition, a strong Ar line emission,



12 of 15

BARLETTA ET AL.

PLASMA PROCESSES
AND POLYMERS
Time [ps]
1510 -5 0 5 10 15 20 25 30 35 40 45 50 55
D S P S S PR A A P
10000 -
E 5000 -
(%]
(=] 0 -
8
3 -5000 -
> -10000 -
-15000
E 1
c
©
(2]
©
e
<
£ ¥
< '
2l
0
& 4
2 .
£
c
o
<
o«
2 S A
£
c
[<2]
o
el
I
o
E n I
c
o
Ll
<
I
o

FIGURE 10 Time-resolved fast imaging of the excited: Ar
atoms (20 accumulations), O atoms (single shot), N, molecules (20
accumulations), OH, and CH radicals (20 accumulations)

induced by the charges deposited on the surface of the
dielectric plate during the primary discharge, also occurs
next to the ground electrode, in analogy with classical
dielectric barrier discharge configuration. The image
acquired between the peaks confirms the presence of
Ar excited species only during the active discharge phase
characterized by high electron density, as shown in
Figure 9.

As mentioned previously, in the case of open-air argon
plasma discharges, the influence of the ambient air
diffusion on the excited species distribution has to be
taken into account. From the phase-resolved 2D images
of the excited N, it is possible to deduce that the air back
diffusion and admixing is maximum near the ground
electrode, probably due to the turbulence induced by Ar

gas flow pointed toward the dielectric surface.!”™ As
shown in Section 3.3, N, emission is strictly related to the
diffusion of the surrounding air, while the O atom
emission seems to be mostly dependent on the dissocia-
tive excitation of the water molecules present in Ar flow.
The 2D images of excited O atom and N, (Figure 10)
confirm these different particle sources, as the O atom
emission appears constant over the entire discharge,
whereas N,* emission is localized near the bottom plate.

The effect of TEOS admixing on the discharge
structure has been also studied by 2D imaging of the
OH(A) emission band (as shown in Figure 11). The data
were acquired in this case during the negative voltage
peak with and without precursor. We observed that
TEOS injection reduces OH emission intensity all over
the plasma discharge except the region downstream of
the HV tip. This effect is correlated with the fact that the
addition of complex chemical compounds, like TEOS,
results in electron temperature reduction in the discharge
due to a change in the energy transfer efficiency between
electrons and heavy species.

By comparing the data shown in Figures 10 and 11, it
is clear that OH(A) and CH(A) radicals show almost
identical distributions in terms of the streamer shape,
emission spatial distribution, and relative intensities.
This similarity in the presence of high-emission zones
near the HV tip confirms that in both cases both OH(A)
and CH(A) radical generation happens via strong
influence of Ar metastables. Moreover, the CH(A) and
OH(A) emission is detectable between the current peaks,
confirming the key role of Ar metastable production of
both radicals.!*®

3.5 | Thin-film surface characterization

Si-based thin films have been deposited onto PP foils with
60 s of treatment time. ATR-FTIR and SEM analysis have
been performed to point out the most significant thin film
features and their relationship with the gas-phase
deposition process previously identified.

FIGURE 11 Single-shot OH images gained at 42 us of delay
time (negative peak) in (a) Ar or (b) Ar/TEOS (tetraethyl
orthosilicate) mixture
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FIGURE 12 Attenuated total 1,0
reflectance-Fourier-transform infrared Si-0-Si
spectrum of the SiO,-like thin films - 0.8
deposited in the Ar/TEOS (tetraethyl E 0.6
orthosilicate) mixture for 60 s of treatment g
time g 0,4
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As is known, the high number of energetic electrons
and argon metastable atoms produced during the process
take part in the dissociation of TEOS molecules leading to
hydrocarbons and Si-containing fragments. Despite this
organic-inorganic behavior of TEOS molecules, many
researchers have already reported the use of atmospheric
pressure plasmas for the synthesis of high-quality SiO,-
like coatings possessing excellent properties in terms of
dielectric strength, optical transparency, and barrier
performance.*”! The chemical composition of the thin
films obtained in the Ar/TEOS mixture by preserving
operational conditions used for the gas-phase character-
ization is shown in Figure 12.

As disclosed by Starostin et al.,[” in the case of Ar/N,/
O,/TEOS plasma, different absorption bands can be used
to evaluate the inorganic behavior of the plasma-
polymerized thin film. In detail, the dominant absorption
peaks in the region between 1,040 and 1,250 cm™t
correspond to the Si-O-Si unit stretching vibrations,
while the peak around 930 cm™" and the broad band at
2,800-3,700 cm™' are associated with silanol groups
(Si-OH) and hydroxyl groups (—OH), respectively. In
our case, the predominant synthesis of inorganic
structures is also confirmed by the absence of absorption
peaks related to C-H and C-O stretching vibrations.

FIGURE 13 Scanning electron microscopic pictures of the
thin films deposited on polypropylene substrate for 60 s of
treatment time acquired by using: (a) X2,000 magnification, (b)
%x15,000 magnification

Wavenumber (cm™)

Moreover, top-view SEM images presented in
Figure 13, reveal a thin film microstructure with a large
amount of powder-like incorporations as well as the
presence of defects on the surface of the deposits.

The deposition of thin films with high roughness is
often caused by the predominant role of gas-phase
nucleation processes and subsequent deposition of dust
particles on the target.[ssl However, in our case, the dust
particles seem densely packed on the PP foil, and
consequently, the possibility that the other formation
mechanisms will occur at the gas—substrate interface
cannot be excluded. One of the particular features of the
deposited coatings is the presence of large cracks over the
whole substrate surface, as seen in Figure 13. The crack
formation on thin films was discussed in detail by
Petersen et al.*®! for the case of the Si-based coating
deposited onto thermosensitive substrates. It was re-
vealed that the mechanism is related to the induced
thermal stress and the consequent stretching of the
polymeric substrate during deposition. These morpholo-
gical results seem in line with the gas temperature values
presented in Section 3.1 and possible gas-phase nuclea-
tion processes detected by the Rayleigh scattering
technique in the mixture Ar/TEOS.

4 | CONCLUSIONS

The effect of TEOS addition on the physical and chemical
properties of an APPJ source operating in Ar is studied in
detail by OES, 2D optical imaging, and Rayleigh
scattering techniques. It was confirmed that the rota-
tional temperature of the N,(C-B) transition, equal to
550 K, cannot be used for reliable estimation of the gas
temperature also in the case of Ar/TEOS plasmas, due to
quasi-resonance processes with Ar metastables. However,
the rotational temperature of OH excited radicals,
obtained in the assumption of non-Boltzmann rotational
distribution, is significantly lower than the one obtained
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with N, molecular bands, and its mean value (409 K) is in
a good agreement with the Rayleigh scattering results.

For the first time, the possibility of using the CH(A-X)
transition for gas temperature measurement in an atmo-
spheric pressure Ar/TEOS plasma is confirmed. In this case,
the Ar metastables as well as the electron impact reactions
with TEOS fragments are presumably playing a key role in
the CH(A) radical formation in nonthermal equilibrium
leading to an overestimation of the gas temperature (590 K)
by CH emission bands in the investigated type of discharges.

The phase-resolved measurements as well as the 2D
imaging data of the excited species, along with the time-
resolved electron density behavior were used to reveal the
predominant production mechanisms of the O(3p), N,(C),
OH(A), CH(A) excited states in the discharge. It was
concluded that the O atom emission is determined mostly
by the dissociative excitation of water molecules contained in
Ar gas flow, whereas N,(C) is the product of Ar™ and
electron reactions with N, ground state molecules appearing
due to the surrounding air diffusion to the active plasma
zone. As expected, in the case of atmospheric pressure
deposition, Ar metastables also play a dominant role in OH
and CH excited radical generation. Finally, from the spatial
distribution of CH(A), Rayleigh scattering images and SEM
results, it has been concluded that the most important
nucleation process takes place in the gas phase.
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