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1 | INTRODUCTION

For more than 40 years, functionalized plasma polymer
films (PPFs) exhibiting reactive chemical functions, such
as -SH,!!! -NH,,"?! -OH"®!, or -COOH!*! have been widely
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This work aims to provide new insights into the link between the growth

mechanisms of functionalized plasma polymer films (PPFs) and the substrate

temperature (Ts). By means of AFM-based techniques, it has been demonstrated

that the mechanical behavior of the coatings is dramatically affected by

Ts and the precursor employed (i.e., 1-propanethiol or 1-propylamine).

While propylamine-based PPFs behave as hard elastic materials regardless of

Ts, propanethiol-based PPFs
evolve from viscous liquids to
elastic solids with increasing
Ts. This behavior can be
the
glass transition temperature of
PPF. For
the latter is correlated to the

understood considering

both precursors,

cross-linking density controlled
through the energy density
brought by positive ions to the

growing film.
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studied due to their high applicative potential as for instance

the fabrication of biosensors,
or as a support for stabilizing nanoparticles.

In brief, the plasma polymerization process consists
of the activation of an organic precursor into a plasma

coatings,

[5]

the synthesis of antibacterial

[7]

Abbreviations: NH,-PPF, propylamine-based plasma polymer film; PPF, plasma polymer film; R, deposition rate; SH-PPF, propanethiol-based
plasma polymer film; SPM, scanning probe microscopy; Tg, glass transition temperature; ToF-SIMS, time of flight-secondary ion mass spectrometry;
Tr, surface transition temperature; XPS, X-ray photoelectron spectroscopy.
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phase resulting in the formation of reactive species
including ions and neutrals. Their subsequent conden-
sation on surfaces exposed to the plasma leads to the
formation of the PPF.[®! Their complex growth
mechanism involving numerous surface and gas phase
reactions is responsible for the uniqueness of PPF such
as the absence of repeating units contrary to conven-
tional polymers as well as their outstanding properties
including good thermal stability, insolubility in most
solvents, and excellent adhesion properties on a large
range of substrates. These properties as well as
the industrial scalability of the process justify the
increasing interest in the plasma polymerization
technique.[**11!

Another advantage of the method is its versatility
enabling the modulation of the physicochemical proper-
ties (i.e., chemical composition, cross-linking degree) of
PPF by a clever choice of the process parameters, paving
the way for the fabrication of a tailor-made material for a
given application. To date, the energy invested per
particle in the discharge controlling the fragmentation
of the organic precursor has been the most studied
parameter. From these studies, it can be concluded that
the use of low energetic conditions results in the
deposition of PPF with a higher retention degree of the
precursor functionality and a lower cross-linking
density.[1213]

In contrast, despite being introduced in the '80s by
Yasuda as a critical parameter, the influence of the
substrate temperature (Ts) governing the adsorption/
desorption equilibrium has received little attention.
Some antecedent works, mainly related to the growth
of C:H and fluorine-based PPF, have revealed a
decrease in the deposition kinetics with increasing
Ts.*15] This trend was explained by the displacement
of the adsorption/desorption equilibrium toward
desorption with increasing Ts. Recently, in our group,
it has been demonstrated that Ts also plays a key role
in controlling the physicochemical properties of
propanethiol-based PPF.['1°7'8] Interestingly, it has
been shown that the mechanical behavior of the
coatings correlated with their glass transition temper-
ature is dramatically affected by Ts: from a highly
viscous liquid to a hard elastic solid (with a rigidity
modulus of 9.94 +5.88 GPa) for a short range of Ts
variation (i.e., from 10°C to 45°C), opening the door for
the design of mechanically responsive PPF of interest
for flexible electrodes.'®??! Nevertheless, the funda-
mental explanation of this unusual behavior in
comparison with the dependency of the process with
the power is still open to question. Moreover, light
must be shed on whether a similar trend will be
observed with other plasma polymer families.

In this context, this work aims at providing new
insights about the influence of Ts on the growth
mechanism of PPF considering two precursors (i.e.,
1-propanethiol and 1-propylamine) presenting a similar
hydrocarbon backbone and a different reactive chemical
function (i.e., -SH and -NH,). For both precursors, a
complete characterization of the physicochemical prop-
erties of the coatings including their mechanical proper-
ties by scanning probe microscopy (SPM), glass transition
temperature (time of flight-secondary ion mass spec-
trometry [ToF-SIMS]), chemical composition (X-ray
photoelectron spectroscopy [XPS]), cross-linking density
(ToF-SIMS) as well as their growth kinetics (SPM) is
undertaken. The obtained data are discussed based on
the influence of the precursor and Ts on the growth
mechanism of the plasma polymers.

2 | EXPERIMENTAL SECTION

PPFs were grown from 1-propanethiol (98%, Sigma-
Aldrich) and 1-propylamine (99%, Sigma-Aldrich) on
1x1cm? silicon substrates previously cleaned with
isopropanol three times and dried under a nitrogen flow
before synthesis.

The PPF synthesis has been carried out in a metallic
deposition chamber (65cm in length and 35cm in
diameter) kept under vacuum by a combination of
turbomolecular and primary pumps allowing to reach a
residual pressure of 2x107°Torr. The plasma was
sustained by an internal water-cooled one-turn inductive
Cu coil (10cm in diameter) connected to an Advanced
Energy radiofrequency (13.56 MHz) power supply via a
matching network. The three-dimensional scheme of the
deposition chamber can be found elsewhere.?*! For all
depositions, the precursor flow rate as well the power
dissipated into the plasma were fixed to 5 sccm and 40 W,
respectively. The distance between the coil and the
substrate was 10 cm. A combination of electrical resist-
ances (for heating) and liquid nitrogen (for cooling)
coupled with a thermocouple affixed to the substrate
holder allowed us to externally control (+1°C) the
substrate temperature during the depositions. Ts was
stabilized 30 min before starting the deposition for each
experiment, ensuring the thermal equilibrium between
the silicon substrate and the substrate holder. Five
different temperatures have been investigated in this
work: Ts = —10, 0, 10, 23, or 45°C. The following notation
is used in this article to discriminate PPF based on the Ty
at which they were synthesized: PPF synthesized at
“X7°C as Ts from the precursor containing the “-Z”
chemical reactive function in its backbone (-NH, for
propylamine, -SH for propanethiol) is notated Z-PPFx.c.
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The deposition rates for each precursor have been
obtained through atomic force microscopy (AFM) mea-
surements. The PPF surface was scratched with a cutter
blade, generating a step between the PPF surface and the
substrate surface, giving the coating thickness.

XPS experiments were carried out to evaluate the
chemical composition of PPF (ie., [N]/[C] or [S]/[C]). To
avoid excessive surface contamination, after their synthesis,
the samples were directly transferred to the instrument. The
analyses have been performed using a PHI 5000 VersaProbe
apparatus. A monochromatized Al Ka line (1486.6 V) has
been used as a photon source. All spectra were charge-
corrected with respect to the hydrocarbon component of the
Cls peak at 285eV. For spectral curve fitting of the high-
resolution carbon photoelectron peaks, using MultiPak
software, a FWHM of 1.1-14eV and a Gauss-Lorentz
function (70% Gauss) were applied.

ToF-SIMS measurements have been carried out to
characterize the evolution of the PPF cross-linking degree
with Ty for each precursor. The analyses were performed
directly after the synthesis of the PPF. Static ToF-SIMS data
have been recorded in positive mode using a ToF-SIMS IV
instrument supplied by ION TOF GmbH. A pulsed Ar*
10keV ion beam (0.75pA) rastered over a scan area of
300 X 300 um? in 125 at least five times per sample.

The PPF surface glass transition temperatures have
been determined by ToF-SIMS measurements applying a
method described elsewhere.** Static ToF-SIMS data
have been acquired in positive mode using a ToF-SIMS!*!
instrument provided by ION TOF GmbH, used both as a
sputtering and analytical source. The instrument is fitted
with an Ar gas cluster ion beam (Ar-GCIB) working at
10keV during the analyses. The Ar cluster distribution
was centered on Arsp’. An AC target current of
0.037 pA with a bunched pulse width around 70 ns was
used on a raster of 128 X 128 data points over an area of
500 X 500 um>. To avoid the charging effects of the PPF,
an electron flood gun (Ey=5eV) was used. A special
sample holder called “Holder G” supplied by ION TOF
GmbH allowed us to control and vary from —120°C to
160°C (the samples’ temperature) during the analyses.
The temperature has been stabilized for 20 min before
each analysis. A presputtering of 2 X 10" Arsgo0t/cm2
was conducted in DC mode over an area of
1000 X 1000 um?2 before each analysis to eliminate all
potential surface contaminations.

The analysis of the mechanical properties was
conducted by AFM using a Bruker Icon Dimension
instrument, equipped with a Nanoscope V controller,
using the PeakForce Quantitative Nanomechanical
Measurements (QNM) mode. Each force-distance curve
acquisition was performed at 2kHz with an image
of 256x256 points on a PPF area of 5X5um2
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Measurements have been carried out at three different
locations on each PPF surface. An RTESPA300-30 tip
(Bruker Nano Inc.) was used in this study to enhance the
precision of the measurements. The spring constant
of the tip, which was equal to 48.97N/m, was
calibrated and provided by the supplier. The deflection
sensitivity was calibrated on sapphire, corresponding to
58.81 +£ 0.60 nm/V. The tip radii were also provided by
Bruker and were found to be equal to 27 nm. The rigidity
modulus values were estimated by fitting part of the
unloading curve using the Johnson-Kendall-Roberts
(JKR) model. This model is suitable for analyzing “soft”
materials with a non-negligible adhesion between the tip
and the sample surface, including polymers. A detailed
description of the equations describing the JKR model
can be found elsewhere.®! The thickness of all PPF
analyzed was fixed to ~250 nm to avoid any influence of
the substrate on the JKR rigidity modulus measurement.

3 | RESULTS AND DISCUSSION
3.1 | Results

3.1.1 | Deposition kinetics

The evolution of the deposition rates (R) of PPFs
synthesized from propanethiol and propylamine as a
function of T is depicted in Figure 1. It should be noted
that the deposition rate of SH-PPF at lower Ts (i.e., O
and —10°C) could not be accurately evaluated because
the liquid nature of the coating makes the scratch
procedure difficult. Therefore, additional points for Tg
between 10°C and 45°C have been measured to evaluate
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FIGURE 1 Evolution of the deposition rate (R) of plasma
polymer film (PPF) with Ts.
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the dependence of the deposition kinetics with Ts with a
higher degree of accuracy.

For each PPF family, R decreases with Ts (i.e., from
20+4 to 0.92+0.02nm/min and from 2.08 +0.02 to
0.32 4+ 0.01 nm/min for SH-PPF and NH,-PPF, respec-
tively) according to an exponential law (dashed lines on
Figure 1), in accordance with the results observed in the
literature for different PPF families.!?*27!

Besides, for a given T, the deposition rate of SH-PPF
is significantly higher than for NH,-PPF, suggesting
different growth mechanisms. This point will be dis-
cussed later (see in Section 3.2).

3.1.2 | Mechanical properties

The mechanical properties of NH,-PPF synthesized for
Ts between —10°C and 23°C have been probed with the
Peak-Force QNM method.*®! This technique allows the
characterization of the elastic behavior of the material
through the evaluation of its rigidity modulus. Briefly,
the rigidity modulus of a material can be associated with
its Young modulus for which elasticity tensors are not
considered. It should be noted that the NH,-PPF 5. was
not analyzed as 14 hours of deposition were required to
obtain an adequate thickness avoiding any influence of
the substrate on the measurement, which was too long to
ensure the stabilty of Ts during the whole synthesis.

The recorded force-distance curves were fitted with
the JKR theory as already applied to other PPFs.l82°]
Following this procedure, Gaussian-shaped distributions
of the calculated rigidity modulus values were obtained.
The mean modulus is assumed to be the center of the
gaussian distribution, associated with the full width at
half-maximum (FWHM) as a confidence interval. An
example of a mechanical properties mapping, a typical
force-distance curve, and a Gaussian distribution of the
rigidity modulus for NH,-PPFi5c is presented in
Supporting Information (Figure S1). The RMS roughness
of all PPF being lower than 0.5 nm, the rigidity modulus
measurements are assumed to be independent of the PPF
topography.**!

As plotted in Figure 2, the rigidity modulus of NH,-
PPF increases (i.e., from 2.17 + 0.49 to 13.83 + 3.42 GPa)
with Tg before reaching a plateau (i.e., 13.58 +2.52 GPa
for NH,-PPF,3.c). These values are in line with the
typical ones generally reported in the literature for
PPF.*!

Regarding the SH-PPF, as shown in our previous
work, the samples can be discriminated into two
categories: PPF synthesized at (i) higher Tg (i.e., 223°C)
and (ii) lower T (i.e., £10°C)."'®! The former ones have
also been analyzed by Peak-Force QNM following the
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FIGURE 2 Evolution of the rigidity modulus of SH-PPF (black
marks) and NH,-PPF (red marks) as a function of Ts.

same data treatment as for NH,-PPF. It can be observed
that the rigidity modulus increases from 5.1 +0.49 to
9.94 + 5.88 GPa when Tg increases from 23°C to 45°C
(Figure 2).

For Ts<10°C, the shape of the recorded approach-
retract curve makes any mathematical treatment to
extract the mechanical parameters impratical (see
Supporting Information: Figure $2).'8! From our previ-
ous study investigating the relaxation dynamic of a
scratch induced on the PPF surface with the AFM tip, it
was concluded that, for Tg = 10°C, the material behaves
as a viscous liquid with a viscosity of about 10° Pa.s.!*®!
While further decreasing Ts, the velocity of the scratch
recovery makes impossible any reliable measurements of
the relaxation dynamic by AFM, likely due to an even
lower viscosity (see Supporting Information: Figure S3).

From the analysis of the PPF mechanical properties,
it can be concluded that, for both precursors, the general
trend is an increase in the rigidity of the PPF with Ts. For
the same Ts, SH-PPF is always softer than NH,-PPF.
While SH-PPF evolves from a liquid to a (visco)elastic
solid with Ts, NH,-PPF remains elastic regardless of Ts.
Thus, the impact of Ts on the PPF mechanical properties
is more pronounced on SH-PPF than on NH,-PPF.

3.1.3 | Glass transition temperature

Considering conventional polymerization, the mechani-
cal properties of polymers synthesized from the same
monomer can vary, evolving from a liquid to an elastic
solid, as a function of their glass transition tempera-
ture.[*'! Therefore, the evaluation of T, can inform on the
mechanical properties of the materials. Recently,
Poleunis et al. have developed a ToF-SIMS-based method
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FIGURE 3 Ar,*/(Ar,"+Ar;") ratio of backscattered ions collected during time of flight-secondary ion mass spectrometry experiments

versus the analysis temperature for (a) SH-PPF and (b) NH,-PPF.

allowing the evaluation of the polymer glass transition
temperature, including thin films.!**! Briefly, the method
consists of measuring the rate of backscattered Ar," ions
from Arsp" cluster during ToF-SIMS measurements
carried out on samples at different analysis temperatures.
They found out that the Ar,*/(Ar,*+Ar;") ratio dramat-
ically evolves at a temperature close to their T, as
evaluated by conventional differential scanning calorim-
etry. This ratio follows a sigmoidal trend as a function of
the analysis temperature. The temperature correspond-
ing to the inflexion point is named transition temperature
(Tt) of the materials and is directly correlated to the glass
transition temperature (Tg).**! This method has been
applied to SH-PPF and NH,-PPF to evaluate their
transition temperature.

As shown in Figure 3a, all recorded curves for SH-
PPF exhibit a sigmoid shape, in agreement with the
literature. The Tt of SH-PPF,yoc, SH-PPF,3.¢, and SH-
PPF,s-c have been found to be —10°C, 18°C, and 52°C,
respectively (Figure 4). These values correlate with
the previously discussed AFM measurements carried
out at room temperature (T,,om). From these data, it
has been shown that for a T;<<<Tiom C(.€.,
PPF,p-c), the PPF demonstrates a viscous behavior
whereas for Tt 2 Tyoom (i.€., PPF,30¢), the PPF exhibits
(visco)elastic properties. Finally, for Tt>>> Tioom
(i.e., PPF,5-¢), the PPF behaves as an elastic solid. As
for the evaluation of the mechanical properties, SH-
PPFs synthesized at Ts < 0°C were not suitable for this
analysis.

Regarding NH,-PPF, none of the experimental curves
exhibit a sigmoid shape (Figure 3b). All curves present a
“plateau” with the analysis temperatures. Consequently,
Tt could not be deduced within the range of Tg
considered here (i.e., —120°C to 160°C). The transition
temperatures of NH,-PPF are probably out of the analysis
temperature range probed here (i.e., >160°C). This is
supported by the investigation of the mechanical

o
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FIGURE 4 Evolution of the Ty of the SH-PPF evaluated by
time of flight-secondary ion mass spectrometry as a function of Ts.

properties of NH,-PPF. Indeed, these PPFs behave like
hard elastic solids, indicating that the temperature at
which the mechanical properties were probed (T;pom) is
lower than their Tr.

3.1.4 | Cross-linking degree and chemical
composition

It is well-known, in the context of conventional
polymers, that both mechanical properties and T, are
dramatically affected by the cross-linking degree and the
chemical composition of the polymeric network.??~3"
Based on these considerations, the evolution of the cross-
linking degree and the chemical composition of PPF with
Ts has been evaluated by means of additional ToF-SIMS
measurements and XPS, respectively.

It has been shown that the cross-linking degree of
PPF is inversely correlated to the total yields of secondary
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ions collected (2g1) for ToF-SIMS spectra recorded in
positive mode.*®!

As presented in Figure 5, X decreases with Tg,
revealing an increase in the cross-linking degree for both
NH,- and SH-PPF.

Regarding the NH,-PPF, the observed trend in
Figure 5 correlates with the evolution of the rigidity
modulus measured by AFM for —10°C < Ts< 23°C.
Surprisingly, s decreases from NH,-PPFjpoc to
NH,-PPF,3-c, and is not correlated, in this case, to an
increase in the rigidity modulus (i.e., plateau at
~13.5 GPa). This behavior has already been observed in
the case of ethyl lactate-based PPFs for which the
increase in the cross-linking density of the coatings was
correlated to an increase in the hardness while the Young
modulus remains stable.*"!

Concerning the SH-PPF, the increase in the cross-
linking density with Ts reduces the mobility of the
molecular segments accompanied by an increase in Tt. A
critical value of the cross-linking degree for 10°C < Tg
<23°C is probably reached, inducing a mechanical
transition from liquid to solid similar to the gelation of
conventional polymers.>*!

It is important to note that the cross-linking density
between SH-PPF and NH,-PPF cannot be discriminated
based on Xg as the total yield of secondary ions is
dependent on the chemical composition of the probed
surface. However, based on the mechanical behavior of
SH-PPF at low Ts (i.e., highly viscous liquid) in
comparison with NH,-PPF (i.e., hard elastic solid) and
their Tt (from —10°C to 52°C for SH-PPF and >160°C
for NH,-PPF) a much higher cross-linking density for
NH,-PPF is expected.

The Figure S4 (in Supporting Information) represents
typical XPS survey spectra, revealing the presence of
carbon, nitrogen, and oxygen for NH,-PPF; and carbon,

14 T T T T T T
; = NH,-PPF
124 § ® SH-PPF ]

101 % :

2 g, [Arb. unit]

2 4 i [ ] | ;

T T T T T T

-10 0 10 20 30 40 50
Substrate temperature [°C]

FIGURE 5 Evolution of Ysecondary 10ns s @ function of Ts.

sulfur, and oxygen for SH-PPF. The presence of oxygen is
ascribed to the reaction between the remaining trapped
radicals and oxygen/water present in the ambient air
taking place during the transfer of the samples from the
deposition chamber to the XPS.[37-°!

As presented in Figure 6, the heteroelement to the
carbon ratio (i.e., [S]/[C] for SH-PPF and [N]/[C] for
NH,-PPF) is higher for SH-PPF than for NH,-PPF.
Regarding SH-PPF, the [S]/[C] ratio oscillates between
0.73 and 0.89 for —10 < T < 23°C before decreasing to
0.55 for PPF,sc. It should be emphasized that for each
SH-PPF, the [S]/[C] ratio is higher than the value found
in the precursor (i.e., 0.33, dashed gray line in Figure 6).
Although this behavior is quite unusual for PPF
synthesized from precursors with other heteroelements,
this is in line with our previous studies dedicated to
sulfur-based PPF.'®!7! This can be explained by the
presence of H,S trapped species in the matrix during the
PPF synthesis; the amount of trapped molecules being
dependent on the thermal conditions during the
growth.[l] As shown in our previous work, these trapped
species acting as plasticizers tend to reduce the glass
transition temperature of the PPF synthesized at
low Tg.1®!

In contrast, the [N]/[C] ratio of NH,-PPF is similar
regardless of Ts (i.e., around 0.27) taking into account the
confidence intervals (Figure 6). Interestingly, this ratio is
also lower than the precursor one (i.e.,, 0.33), in
concordance with the literature.!?! The lower [X]/[C]
ratio compared to the SH-PPF one does not suggest the
trapping of nitrogen-based stable molecules in the
plasma polymer network.

Owing to the numerous reactions occurring in a
plasma, a large variety of N-containing groups are
created and incorporated into the PPF. However, from

m [N/[C] ]
= [S]/[C] |

o o o o o =~
o oo N oo o o
1 1 1 1 1 |
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[X]/ [C] ratio
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FIGURE 6 Evolution of the [S]/[C] (for propanethiol-based
PPF, red marks) and [N]/[C] (for propylamine-based PPF, black
marks) ratios as a function of Ts.
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the [N]/[C] ratio, no information can be extracted
concerning the nature of the chemical bonds involving
N and C with Ts. Therefore, the envelope of the Cls
peak from XPS spectra has been fitted into fourth
components namely C1, C2, C3, and C4 referred as
carbon-carbon/hydrogen bonds (C-C/H) at 284.8¢€V,
amines (C-NR with R=H or C) and imines (C=N) bonds
at 285.6 eV, nitriles (C=N), ethers and alcohols (C-OR
with R=H or C) functions at 286.6eV and carbonyl
groups (C=0) at 288eV, respectively.***! A typical
example of the high-resolution Cls envelope spectral
curve fitting is illustrated in Figure 7a. It should be noted
that a similar data treatment cannot be applied for SH-
PPF as the chemical shifts associated with the different
sulfur-based functionalities (e.g., C-SH, C-S-C, C=S, ...)
are too low compared to the XPS resolution for allowing
an accurate fitting procedure for the C;5 peak as well as
for the S,, one.*>**! As it can be observed in Figure 7b,
the relative concentration of the different components
remains stable as a function of T, considering a variation
of a maximum of 5% of the value independently of Ts.
Besides the overall nitrogen content, we can thus
conclude that the chemistry of NH,-PPF is unaffected
by Ts and does not influence their Tt and mechanical
properties.

3.2 | Discussion

On the basis of the collected data, some important
statements have been made regarding the influence of
the organic chemical precursor and Ts on the growth
mechanism of the PPF. While Ty significantly affects the
physicochemical properties of propanethiol PPF, for
propylamine, it does not.
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To understand this behavior, some basics about the
growth mechanism have to be detailed. In our condi-
tions, reactive species (mainly radicals and to a lesser
extent ions) are created in the plasma by electronic
collisions. At the same time, the growing film is
continuously bombarded by positive ions (with kinetic
energy typically ranging from 10 to 30eV), inducing
chemical bonds breaking at the interface and thus
forming surface radical sites.***! Therefore, the film-
forming species generated in the plasma adsorb at the
interface and react with the surface-activated site
through the formation of chemical bonds. This is referred
to the activated growth model (AGM) developed by
d'Agostino in the 1980s.'*1%!

Based on this approach, the deposition rate (R) is
proportional to the flux of film-forming species toward
the interface (Fr) and the density of surface reactive
sites (Sg):

R ~ FR.Sg, (1)

now, if we go deeper with regard to the interaction of the
film-forming species with the interface, it can be
considered that, at first, the reactive moieties are
physisorbed in a “weakly adsorbed state” and then
diffuse before reaching a surface radical and then form a
chemical bond through a surface recombination
reaction.!*! On this basis, the residence time (7), in
other words, the meantime that the particles spend on a
surface is crucial for the chemical incorporation of the
film-forming species. Indeed, increasing (decreasing) t
results in a higher (lower) probability for the reactive
species to find a chemisorption site before being
desorbed. Taking into account this statement, Equation
(1) can be rewritten as:

(b) 60 i "
& ]

= 50 ¥
°\:. m C-C,C-H
© 40 ® C-NC,C-NH,C=N |
J) m C=N, C-OC, C-OH
© m C=0
9 304 g
S ]
o o g L] o
S 20 i 1
o L] i L]
£ 10- ]
O

ol T = v = -

-10 0 1|0 20 30 40 50
Substrate temperature [°C]

FIGURE 7 (a) Typical spectral curve fitting of high-resolution C1s carbon photoelectron peak for NH,-PPF;4.c. (b) Evolution of the C1,
C2, C3, and C4 components relative area of the high-resolution Cls peak for NH,-PPF as a function of Ts.
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R ~ Fp.Sg. 7, (2)
actually, 7 is defined according to Equation )
T = 1p.e Fom/KE5) (3)

where 7y, Epnys, and k correspond to the lowest possible
residence time (i.e., the inverse of the vibrational
frequency of the surface bond, ~107'?-107'%s), the
physisorption energy, and the Boltzmann constant,
respectively.

Then, inserting Equation (3) into Equation (2) gives:

R ~ Fi.Sg.7p. e~ Ephys/ KT @

From Equation (4), only the exponential term
depends on Ts, explaining the trend observed in
Figure 1 based on the deposition kinetics. Indeed, Fy
and Sy directly depend on the fragmentation degree of
the precursor in the plasma and the energy brought by
positive ions at the interface, respectively.[®154°

Plotting In (R) as a function of 1/Ts, therefore, gives
access to Epnys for both employed precursors:
—0.55+0.06eV for SH-PPF and —0.25+0.01eV for
NH,-PPF (Figure 8), representing typical physisorption
values of adsorbed species on a given surface.l*”*1 E
can be viewed as apparent physisorption energy for the
overall growth process, specific to a precursor and the
experimental conditions. It corresponds to the activation
energy for the thermal desorption of the film-forming
species when adsorbing in a “weakly adsorbed state”.[°)
The more exothermic Ep,y, obtained for SH-PPF
contributes to the higher deposition kinetics by increas-
ing the residence time of the film-forming species at the
interface and hence the occurrence of a termination
reaction with a surface radical site. This also favors the

T T T T T T T T T T T T T T T
3 =  SH-PPF R2=0,86 .~ 'm -
e NH,-PPF -7
= 7 .
24 . 4
2"
—~ <
11 -7 B
E:/ _u” _e
< 7 .-
0 =7 o i
. S R2=0,99
_e 1
14 - i

31 32 33 34 35 36 37 3.8 39
1T [10° K]

FIGURE 8 Evolution of Ln (R) as a function of the reverse Ts.

trapping phenomenon leading to the incorporation of
stable species in the polymeric network."”!

One possible explanation for the higher Eyy value
for sulfur-based particles is the higher polarizability of
sulfur in comparison to nitrogen likely increasing the van
der Waals interactions with the surface and hence the
physisorption energy.!*!)

It can be emphasized that for a given PPF family,
investigating the deposition rate versus Tg enables
quantitatively extracting important quantities regarding
plasma surface interaction. This macroscopic approach of
the interface would be complementary to the macro-
scopic view as developed by Hegemann, enabling the
determination of the activation energy of several precur-
sors regarding their dissociation in the plasma by
studying the deposition rate as a function of the energy
invested per particle."?! Combining both methods would
allow us to draw a complete macroscopic view of the
plasma polymerization process.

To explain the significant difference between the PPF
families in terms of the dependence of their mechanical
properties on their growth kinetics, the concept of energy
density (¢) has to be introduced. ¢ is defined as the energy
brought to the growing film through ionic bombardment
and normalized with respect to the total amount of

matter deposited according tol*>!:

£= —, (5)

where TI; corresponds to the flux of ions reaching the
growing film, Ey ., the mean energy of the bombarding
ions, and R the deposition rate of the PPF. For several
plasma polymer families, a linear correlation has been
found between the cross-linking degree (directly influen-
cing the mechanical properties) and .'*! Combined with
Equation (4), € can be expressed according to:

EEmean

E~——.
Fr.Sg.1 e~ Ephys/ KT

(6)

As in our experimental window, only Tg is varied, it
can be rationally assumed that T'; and Ee., (mainly
influenced by the plasma parameters, i.e., the electron
density and temperature) are identical whatever the
precursor. On the other hand, according to Equation
(5), ¢ increases for both precursors with Ts (as R
decreases, see Figure 1), explaining the increase in the
cross-linking density of the polymeric network and hence
the rigidity of the material. Considering a similar ion flux
and mean energy for the bombarding ions in our
experimental window, it can be estimated that € increases
by a factor of 20 and 7 for SH-PPF and NH,-PPF,
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respectively. The larger variation in terms of energy
density for propanethiol, due to its higher E,py value,
could explain the more pronounced impact of Tg on the
cross-linking density of the plasma polymer. Indeed, for
Ts <10°C, the material behaves as a highly viscous liquid
(with T, < —10°C), while for T = 23°C the increase in the
cross-linking degree results in the formation of hard
elastic PPF (with T,=18°C). For NH,-PPF, the lower
deposition rate values (i.e., higher €) gives rise for all Tg
conditions to a sufficient cross-linking density for the
material to behave as hard elastic solid PPF (with
T, > 160°C).

From Equation (6), it is obvious that E,, strongly
influenced by the chemical nature of the precursor, plays
a key role in the value of € and hence in the control of the
mechanical behavior of the PPF. The higher is Eppys, the
higher the panel of mechanical properties achievable by
tuning the substrate temperature.

4 | CONCLUSION

In this work, the influence of Ts on the growth
mechanism of plasma polymers prepared from propa-
nethiol and propylamine was investigated through a
detailed characterization of their physicochemical prop-
erties. As a general trend, Ts has a more pronounced
impact on the growth of SH-PPF in comparison with
NH,-PPF. Indeed, the deposition kinetics, the chemical
composition, the cross-linking density, the glass transi-
tion temperature, and the mechanical properties of the
corresponding sulfur-based plasma polymers are signifi-
cantly affected by Ts. On the other hand, for NH,-PPF,
slight variations of the deposition rate, the cross-linking
degree, and the mechanical properties are highlighted.
This discrepancy between both precursors has been
understood considering the impact of Ts on the plasma/
surface interaction and specifically on the residence time
of the film-forming species at the surface. Indeed,
considering the physisorption of the reactive species as
a prior step before their chemisorption, their meantime
spent at the growing film interface controls the deposi-
tion rate. This is supported by the exponential depen-
dence of the deposition kinetics of both plasma polymer
families with Ts. Furthermore, the temperature depen-
dence of the growth kinetics also gives access to the
apparent physisorption energy of the film-forming
species for both systems revealing a higher adsorption
energy for SH-PPF in comparison to NH,-PPF (i.e., -
0.55 4+ 0.06 eV for SH-PPF vs. — 0.25 +0.01 eV for NH,-
PPF). This highlights the influence of the chemical
nature of the molecule source on the plasma/surface
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interaction and explains the more pronounced impact of
Ts on the propanethiol plasma polymerization process.

In turn, for a given set of plasma parameters, the
modulation of Ty allows tuning (through the variation
of the deposition rate) the energy density brought to
the growing film by positive ions. The latter directly
influences the cross-linking density of the PPF and
hence their mechanical properties revealing the
attractiveness of Ts as a tuning parameter. It is
important to highlight that the strategy of modulating
the energy load in the plasma as usually employed in
the literature results in the increase of both the
intensity of the ionic bombardment and the deposi-
tion rate in limiting the control on the energy density
brought at the interface.

The whole set of our results unambiguously demon-
strates the major role played by Ts on the growth
mechanism of functionalized plasma polymers. The
investigation of the deposition kinetics versus Ts, for a
given precursor, can also be employed as a tool for
quantitively probing the interaction between the species
produced in the plasma and at the interface. This
approach is complementary to the already developed
macroscopic views investigating the activation kinetics in
the plasma and paves the way for a more complete
fundamental understanding of the molecular growth
mechanism of plasma polymers.
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