Advanced Materials Interfaces

| RESEARCH ARTICLE @ZEIEEED

W) Check for updates

ADVANCED
MATERIALS
INTERFACED

Open Acce:

www.advmatinterfaces.de

Influence of the Substrate Temperature on the Growth
Mechanism of Allylamine Plasma Polymer Films

Robin Dantinne! | Nathan Vinx' | Philippe Leclere? |

Damien Thiry!

Damien Cossement® |

Claude Poleunis* | Arnaud Delcorte* |

!Chimie des Interactions Plasma-Surface (ChIPS), Research Institute for Materials Science and Engineering, University of Mons, Mons, Belgium | 2Laboratory

for Physics of Nanomaterials and Energy (LPNE), Research Institute for Materials Science and Engineering, CIRMAP, University of Mons, Mons, Belgium |

3Materia Nova Research Center, Parc Initialis, Mons, Belgium | “Institute of Condensed Matter and Nanosciences (IMCN), Université Catholique De Louvain

(UCL), Louvain-la-Neuve, Belgium

Correspondence: Robin Dantinne (robin.dantinne@umons.ac.be)

Received: 30 October 2025 | Revised: 14 February 2026 | Accepted: 22 March 2026

Keywords: allylamine | glass transition | growth mechanism | plasma polymer | substrate temperature

ABSTRACT

This work aims to investigate the impact of the substrate temperature on the growth mechanism of allylamine-based plasma
polymer films (PPF). A comprehensive study of the PPF physicochemical properties, including the mechanical properties, the
glass transition temperature, the chemical composition, the cross-linking degree and the deposition kinetics, is performed and
correlated to plasma chemistry. As the substrate temperature evolves from -10°C to 45°C, the glass transition temperature is
observed to increase from 75°C to 230°C. This evolution is correlated to an increase in cross-linking degree, modulated by the
energy density brought by ion bombardment during film growth. The energy density is, in turn, significantly influenced by the
deposition kinetics which strongly depend on the thermal conditions of the substrate, as evidenced by the growth rate decrease
from 5.4 to 1.6 nm/min with the substrate temperature. Similarities are observed with another allyl-based PPF family, suggesting a
comparable growth mechanism but distinct film properties attributed to differences in growth rate. Overall, this study highlights
the combined role of precursor chemistry and substrate temperature as key parameters for fine tuning of plasma polymer film

properties.

1 | Introduction

Over the past four decades, plasma polymer films (PPFs) bearing
reactive functional groups such as thiols (—SH) [1], amines
(—NH,) [2], hydroxyls (—OH) [3] or carboxyls (—COOH) [4]
have attracted considerable attention for applications ranging
from biosensor fabrication [5] and antibacterial coatings [6]
to nanoparticle stabilization [7]. In plasma polymerization, an
organic precursor is activated in a discharge, generating a variety

of reactive species (ions and mainly radicals) that condense on
exposed surfaces to form an organic thin film referred to as a
plasma polymer. Their complex growth mechanism involving
numerous surface and gas phase reactions is responsible for the
unique structure of PPF distinguished by the absence of repeating
monomeric units, as well as their outstanding properties includ-
ing 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

Abbreviations: NH,-PPFyo -, PPF synthesized with allylamine at a substrate temperature “X” °C; PCA, Principal Component Analysis; PF-QNM, Peak-Force Quantitative Nanomechanical Mapping;
PPF, Plasma Polymer Film; ToF-SIMS, Time-of-Flight Secondary Tons Mass Spectrometry; Ts, substrate temperature; T, surface transition temperature; XPS, X-ray Photoelectron Spectroscopy; y,

cross-linking degree.
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the increasing interest in the plasma polymerization technique
[8-10].

The technique also offers an exceptional flexibility. Indeed, by
a judicious selection of the process parameters, one can tailor
the PPF physicochemical properties to meet specific applica-
tion requirements. To date, research has primarily focused on
the energy invested per particle in the plasma governing the
precursor fragmentation [11-13]. These investigations show that
lower energy conditions favor the preservation of precursor
functionality and leads to lower cross-linking density.

First highlighted by Yasuda in the 1980s, the substrate tempera-
ture (Tg) which dictates the adsorption-desorption equilibrium
at the growing film interface has been less explored [14, 15].
Although it could be expected that increasing Tg would promote
radical surface recombination, early studies on hydrocarbon and
fluorocarbon-based PPFs demonstrated that higher Ty results in
a decrease in deposition kinetics by favoring the desorption of the
film-forming species [15]. This behavior can be rationalized by
comparing the energy barrier of the competing processes: since
radical surface diffusion and subsequent recombination usually
exhibit lower energy barriers than desorption, the latter will be
more significantly influenced by Ts.

More recently, our group has conducted an extensive inves-
tigation regarding the substrate temperature influence on the
chemical and mechanical properties of various plasma polymer
families, including propanethiol, propylamine, allyl alcohol and
propanol [16-18]. For some precursors such as allyl alcohol and
propanethiol, the thermal condition of the substrate strongly
influences the growth mechanism of the PPF. Notably, the
adsorption-dependent growth rate impacts the density of energy
delivered to the growing film, a key parameter to control the
cross-linking degree of plasma polymers. The latter, in turn, has
a pronounced impact on the PPF glass transition temperature
governing their viscoelastic properties. These insights opened up
new possibilities for the development of mechanically responsive
films and related applications, including the exploitation of the
spontaneous wrinkling phenomenon for the facile fabrication
of PPF/metal nanostructured bilayers, which shows promising
potential in flexible electronics [18-21]. In contrast, for other
precursors like propanol and propylamine, the impact of the
substrate temperature is considerably less pronounced.

In this context, the present work further extends our examination
of the substrate temperature influence on the growth mechanism
of PPF by investigating an additional nitrogen-based precursor,
namely allylamine. This precursor has been extensively studied in
the literature and the derived PPFs have found various attractive
applications including enhanced cell proliferation and osteogenic
differentiation. These biological properties are often attributed
to the presence of charged amino groups at physiological pH-
value or the influence of surface chemistry on key protein
conformations [22, 23]. Beyond their applicative potential, studies
of nitrogen-containing precursors have provided meaningful
insights into the growth mechanism of plasma polymerization
[17]. Structurally, nitrogen differs from other widely studied
heteroelements, such as oxygen or sulfur, due to its higher valence
(i.e. three for N, two for O and S) [24]. This can drastically affect
both mechanical properties and the intrinsic cross-linking degree
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FIGURE 1 | Evolution of the rigidity modulus for allylamine-based
PPF as a function of the substrate temperature.

of the deposited PPF, thereby motivating a fundamental study of
allylamine plasma polymerization and its comparison with allyl
alcohol.

Nevertheless, to the best of our knowledge, the impact of Tg
on their growth mechanism and hence the physico-chemical
properties of the coatings remain unknown.

Our research strategy consists of a thorough characterization
of the physicochemical properties of the coatings, namely
their mechanical properties (by using cutting-edge scanning
probe microscopy and spectroscopy), glass transition temperature
(Time-of-Flight Secondary Ions Mass Spectrometry [ToF-SIMS]),
chemical composition (X-ray Photoelectron Spectroscopy [XPS]),
cross-linking degree (ToF-SIMS) and deposition kinetics, as well
as the chemistry of plasma (mass spectrometry).

2 | Results and Discussion

The mechanical properties of NH,-PPF have been evaluated with
the AFM Peak-Force Quantitative Nanomechanical Mapping
(PF-QNM) method [25]. Typical force-distance curves of these
samples are presented in Figure S1. The rigidity modulus (Ey)
characterizing the elastic behavior of the probed material is
extracted by fitting these curves with the JKR model, which is best
suited for low-modulus materials (i.e. a few GPa) and has already
been applied to other plasma polymer films families [16-18, 26].
It should be mentioned that viscoelastic contributions can be
considered negligeable due to the high frequency of the PF-QNM
analysis (i.e. 2 kHz), thereby validating the use of a purely elastic
model for the rigidity modulus determination. This measurement
is assumed to be independent of the PPF topography as the
root-mean-square (RMS) roughness is below 0.7 nm for all PPF.
Figure 1 shows the evolution of Ey; for NH,-PPF as a function of
Ts.

Considering subtle Tg-dependent variations within the con-
fidence interval, the rigidity modulus remains stable around
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3 GPa regardless of Ty (i.e. from -10°C to 45°C). This Ey; value
corresponds to the ones typically reported in the literature for
different precursors [16-18, 27].

It should be mentioned that the mechanical behavior of NH,-
PPF samples is significantly different to that of allyl alcohol-based
plasma polymer previously investigated considering the same
synthesis conditions, despite both precursors presenting the same
hydrocarbon backbone [16]. Indeed, for a Tg evolving in the range
of -10°C to 45°C, alcohol-based PPF behave like a liquid viscous
film at low Ty and a hard elastic film at high Ty while NH,-PPF
exhibit solid behavior regardless of Ts.

Considering conventional polymerization, the viscoelastic prop-
erties of a polymeric material obtained from the same monomer
can vary, from a viscous liquid to an elastic solid, as a function
of their glass transition temperature (T,) [28, 29]. Therefore, the
evaluation of T, can provide meaningful insight on the evolution
of the mechanical properties regarding the source molecule and
the Ts.

On this basis, NH,-PPF glass transition temperatures have been
evaluated thanks to a ToF-SIMS-based method recently devel-
oped by Poleunis et al. [18, 30]. Briefly, the technique consists
of measuring the rate of backscattered Ar,* ions from Aryy,,*
clusters during ToF-SIMS measurements of the sample surface
performed at various analysis temperatures. It was demonstrated
that the Ar,*/(Ar,* + Ar;*) ratio presents a sigmoidal evolution
as a function of the analysis temperature. The resulting curve
inflexion point, named surface transition temperature (Ty), is
directly correlated to the glass transition temperature as eval-
uated by conventional differential scanning calorimetry [30].
This method has been successfully applied to probe the surface
transition temperature of several PPF families [16, 17]. As ToF-
SIMS measurements probe the extreme surface of the sample (i.e.
typically 1 nm), T values are systematically higher than the bulk
T, of a given polymer, with reported differences ranging from 5°C
to 26°C depending on the polymer. Thus, although the T, of PPF
are not directly measured with this method, it can be reasonably
expected that T and T, values will follow the same trends. It
should also be noted that the PF-QNM technique investigates the
sample top surface, with an indentation depth of ~ 1.5 nm in
the present work. Consequently, surface ToF-SIMS analysis are
ideal to further investigate the mechanical properties reported on
Figure 1.

A typical recorded curve for NH,-PPF is depicted in Figure 2a
and presents a sigmoidal shape in agreement with the literature.”
Whatever the substrate temperature, the T; of NH,-PPF is
systematically higher (i.e. from 75 + 15 to 230°C + 20°C) than
the room temperature, meaning that the coatings’ AFM analysis
was performed at a temperature below their Ty. This explains the
elastic solid behavior observed for the PF-QNM measurements of
NH,-PPF whatever Tg (Figure 1).

Considering a conventional polymer, it is well established that the
mechanical properties and the glass transition temperature of the
material can be drastically affected by its cross-linking degree and
chemical composition [28, 31]. Therefore, to better understand
the observed trend of Ty, the cross-linking degree and chemical

composition of NH,-PPF at various Ty have been evaluated by
means of ToF-SIMS and XPS, respectively.

Figure S2a,b present typical XPS survey spectra, revealing the
presence of carbon, nitrogen and oxygen in NH,-PPF. The
incorporation of oxygen in the allylamine-based coating despite
its absence in the source molecule has already been reported in
the literature and is ascribed to post-synthesis oxidation reactions
involving dioxygen and water from ambient air and trapped
radicals from the PPF coating [32-34].

As presented in Figure 3, a nitrogen to carbon ratio (i.e. N/C) of
0.39 is measured for Tg = -10°C, before falling down to a plateau
at around 0.28 for 0 < Ty < 45°C.

These values are close to the N/C ratio of the precursor (i.e.
0.33), as already reported for allylamine-based PPF synthesized
at low energetic conditions [34-36]. This high retention of the
heteroelement for allylic precursors is sometimes explained by
conventional polymerization of the source molecule by radical
addition to the double bond [3, 36]. However, allylic monomers
such as allylamine are prone to degradative chain transfer, i.e. the
migration of a hydrogen in alpha position resulting in the forma-
tion of a resonance-stabilized radical [37]. The latter is unlikely to
propagate the polymer chain and will eventually recombine with
another radical, ending the polymerization process. An example
of degradative chain transfer considering allylamine is illustrated
in Figure S3.

To evaluate the nature of the chemical bonds involved in the PPF
structure, the envelopes of the Cls and N1s peaks have been fitted.

For the Cls fitting, four components related to C—C/C—H at
285.0 eV, C—NR (R: H or C) and C=N (amine or imine functions)
at 286.0 eV, C=N/C—0O—H/C—0—C (nitriles, alcohol or ether
functions) at 286.9 eV and C=0 (carbonyl or aldehyde functions)
at 287.7 eV were used.

N1s peaks are fitted with three components, although their attri-
bution is often uncertain as a result of the plethora of functions
presenting similar energies: a first subpeak is attributed to R-
NH,/R-NH-R (primary or secondary amines) at 398.3 eV and a
second subpeak associated to R;N/CN/C=NH/CO—NH (tertiary
amines, nitriles, imines and amides) at 399.4 eV. The third
component at 400.6 eV is associated to diverse oxygen-containing
structures such as (CO)N(CO)/(CO,)N/C=N—OH (imide, car-
bamate and hydroxylamine functions). It should be mentioned
that characteristic subpeaks associated with functional groups
containing N and O atoms such as imide, amide or carbamate are
not observed in the Cls peak fitting. This can be explained by the
higher concentration of carbon compared to nitrogen atoms and
thus, alower fraction of carbon atoms involved in these functional
groups, resulting in a difficulty to observe them through Cls
fitting.

The choice and labeling of these functions are based on reported
detailed investigation of NH,-based PPF [3, 17, 35, 38, 39]. As
usually reported in the literature, new functionalities (i.e., imines,
nitriles) that are absent from the precursor structure are cre-
ated following the numerous recombination and rearrangements
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FIGURE 3 | Evolution of the nitrogen to carbon ratio (N/C) of
allylamine-based PPF with the substrate temperature.

reactions involved in the plasma polymerization process [3,
17, 38]. Components associated with C=0 and other oxygen-
containing functions clearly indicate the post-process oxidation
of the PPF, as already highlighted in Figure S2.

A typical fitting procedure of the high-resolution Cls and Nls
peaks for NH,-PPF is presented in Figure 4a,b.

Figure 4c,d shows the evolution of the relative concentration of
the different chemical groups with Ts. Considering the margin
error, the relative concentration of each component remains
rather stable with Ty as already encountered for other plasma
polymer families synthesized for similar experimental conditions
[16, 17]. Consequently, the chemical composition of the PPF
cannot explain the evolution of Ty with Ts. In this context, the
cross-linking degree of the PPF y, well-known to significantly
influence the T, of conventional polymers, has been investigated
by means of ToF-SIMS.

ToF-SIMS spectra of plasma polymer films usually present a
plethora of peaks with various intensities, making extremely
challenging the establishment of specific trends regarding the
impact of T5 on the PPF physicochemical properties. To overcome
this problem, the PCA (Principal Component Analysis) has been
used to extract the most important chemical and structural
information of the ToF-SIMS spectra [40]. Previously, plasma
polymerization studies have successfully evaluated the y of
various PPF using this method [27, 38, 41-43].

The “score” plot resulting from the PCA treatment of the
NH,-PPF ToF-SIMS data is presented in Figure 5. In this repre-
sentation, every single point in the figure corresponds to a whole
ToF-SIMS spectrum. The distance separating the points indicates
variations between their corresponding spectra, revealing dif-
ferences in the surface structure and/or chemistry. The ellipse
drawn on the scores plot represents a 95% confidence interval.
Considering our PCA analysis, it can be observed that most of
the variance is represented by the First Principal Component, PC1
(i.e. 50.1%). Consequently, only PC1 is considered in the following
discussion.

For each thermal condition, the spectra have formed small
clusters according to Ty, although some clusters are more difficult
to differentiate (e.g. NH,-PPF o and NH,-PPF..). Therefore,
the mean values of scores as a function of T have been reported in
Table 1 to rationalize their discrimination along PC1. Considering
the confidence interval, it can be observed that the scores are
well discriminated as a function of Tg along the PCl, revealing
a modification of y and/or the chemical composition with Ty.

The most statistically important peaks called “loadings”, i.e. peaks
having a statistical weight > 90% in the PC1 model and responsi-
ble for the discrimination in the score plot, are reported in Table
Sla,b. A positive or negative loading coefficient (corresponding
to its statistical weight) is associated with each m/z signal. The
absolute value of this loading coefficient is directly related to the
relative intensity variation of the corresponding peak from one
sample to another.
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To obtain information about y, the average chemical composition
of the ionized fragments has been calculated for each loading
category (negative and positive) [41]. In the first approach, each
heteroelement present in these fragments has been replaced by
an hydrocarbon group of identical valence state, i.e. CH and CH,
groups for N and O atoms respectively. The corresponding data
are presented in Table 2 for NH,-PPF.

From the average fragment, particular attention is paid to the
carbon to hydrogen ratio (C/H), strongly correlated with y of
the PPF [27]. It should be mentioned that the potential presence
of unsaturation in the PPF (i.e. double/triple bonds or cycle)
could also affect this ratio. However, FTIR analysis suggests a
negligeable contribution of C=C bonds in the coating (Figure
S4), as already demonstrated for several PPF families from
(FT)IR analyses [44, 45]. Furthermore, XPS measurements clearly
indicate that chemical functionalities of PPF are independent
of the Tg, including unsaturated groups such as carbonyl or
imine groups. Taking into account these considerations, it can
be reasonably assumed that the influence of unsaturation over

the C/H ratio is negligeable when varying Tg. Consequently, the
C/H ratio is a reliable indicator of the PPF cross-linking degree.
As observed from Table 2, the C/H ratio increases with Ty (i.e.,
from 0.624 to 0.978), implying an increase in y of the PPF with
Ts. The latter correlates the evolution of T;. Indeed, increasing y
effectively decreases the mobility of the molecular segments and
thus increases Ty.

At this stage, it can be suggested that the increase of y with Tg
mainly explains the evolution of T; as previously evidenced by
ToF-SIMS measurements. However, the dependency of y with Tg
remains unclear.

In order to further gather information about the growth mech-
anism of the PPF at a molecular level, mass spectrometry
measurements in RGA mode were performed in order to identify
the neutral species produced in the discharge. Indeed, it is
accepted that the main species contributing to film growth are
neutrals [46, 47]. The mass spectrum of allylamine plasma is
depicted in Figure 6a.
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Special attention is paid to the peak associated with the precursor
(i.e. m/z = 57) as previous studies have established a correlation
between the heteroelement concentration in the PPF and the
concentration of non-fragmented monomer [2]. Therefore, the
fragmentation degree of the allylamine precursor («) is calculated
with the following equation:

I, (Plasma ON)
Ipec. (Plasma OFF)

@

a=1-

where I, (Plasma ON) and I,,,.. (Plasma OFF) represents the
experimental peak intensity for the precursor when the discharge
is switched ON and OFF, respectively.

In our experimental conditions, a a value of 0.25 + 0.05% is
found correlating the high heteroelement content of NH,-PPF as
evaluated by XPS. Indeed, a lower fragmentation rate is usually
associated to a higher functional group retention [2]. It should
also be mentioned that the fragmentation rate influences the
concentration of film-forming species in the plasma and thus
likely impacts the growth kinetics, as it will be discussed later.

To achieve a deeper understanding of plasma chemistry, the mass
spectra have been further analyzed. It should be emphasized
that neutrals collected from plasma are ionized to enable their
discrimination in the mass analyzer according to their m/z ratio.
Newly formed ions can be produced in an excited state whose
excess of energy can induce a fragmentation of the molecular ion,
hence resulting in the appearance of additional peaks in the mass
spectrum. This explains why a mass spectrum with several peaks
is collected even when the plasma is not ignited as illustrated in
Figure 6b. Therefore, except for the precursor, the presence of a

given peak in the mass spectrum does not necessarily indicate
that the corresponding specie is present in the plasma. On this
basis, in order to take into account the fragmentation of the
precursor in the mass spectrometer itself, signals recorded in the
mass spectra of the plasma were corrected according to Equation 2
[48]:

I, (m) = I, (Plasma ON)

Lyrec. (Plasma ON)
I,y (Plasma OFF)

— I, (Plasma OFF). @

where I (m) is the corrected peak intensity for m/z = g, I,
(Plasma ON) and I, (Plasma OFF) represent the experimental
peak intensity for m/z = g when the plasma is switched ON and
OFF, respectively. The corrected mass spectrum for allylamine
plasma is presented in Figure 6c.

The main fragments identified in the mass spectra are summa-
rized in Table 3. For clarity, ions corresponding to the precursor
molecule missing one or more hydrogen atoms are denoted as
(M-xH)*, where x represents the number of hydrogen atoms
removed from the source molecule. A plethora of signals are
identified emphasizing the great diversity of species formed
in the discharge (see Table 3 for the labeling). Carbon-based
species—either containing nitrogen or not (C,H,N, and C,H,)
and hydrogenated species associated with the heteroelement
(NH,) are observed. The presence of H and H, should also
be mentioned as it could indicate surface recombination. It
should be noted that discrimination between hydrocarbon and
heteroelement-containing fragments is sometimes challenging
given the isobaric interferences (e.g. m/z = 44 for C;Hg* and
C,H,N*; m/z = 28 for C,H," and N,*; m/z = 27 for C,H;* and
HCN* or m/z = 16 for CH,* and NH,*). Consequently, several
peaks in the mass spectra can be attributed to multiple fragments,
as one can see in Table 3.

Interestingly, a (M-H)* peak is clearly identified in the mass
spectrum (i.e. at m/z = 56). In a previous work regarding oxygen-
based PPF [16] it was postulated that the (M-H)" fragment also
produced in allyl alcohol plasma (presenting the same hydrocar-
bon backbone than allylamine) significantly contributes to the
film growth given the high sticking coefficient of unsaturated-
based species [49]. In our case, the same mechanism could be
proposed considering the close N/C ratios found in the PPF
(i.e. ~ 0.27) and in the radical (i.e. 0.33). On the other hand,
stable molecules containing the heteroelement are also formed
(e.g. NH; at m/z = 17). Considering that these molecules do not
participate to the growth of the layer, their production contributes
to decrease the overall nitrogen content in the PPF [16].

TABLE 1 | Mean score plot (PC1) as a function of Tg resulting from the PCA analysis of the ToF-SIMS data of NH,-PPF (Figure 5).

Substrate temperature (°C)

—-10°C 0°C 10°C 23°C 45°C
NH,-PPF 16.7+1.4 4.83 +0.48 2.00 + —-6.32 + —12.66 +
0.92 0.47 0.85
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TABLE 2 | Average fragments and their corresponding C/H ratio of the most influential loadings (statistical weight >90%) resulting of the PCA of

the ToF-SIMS spectra. The substrate temperature associated with the positive and negative scores is also provided.

NH,-PPF Negative loadings Positive loadings
Average fragment CaooHao CrsoHiz02
C/H ratio 0.978 0.624
Substrate temperature 23°C; 45°C —10°C; 0°C; 10°C

. e

N

Relative intensity (arbitrary units)

_I, ,ul,l.,uLW;

10 20 30 40 50 60
m/z

FIGURE 6 | Mass spectra of allylamine discharge (Plasma ON)
(a), allylamine vapor (Plasma OFF) (b) and allylamine plasma treated
according to Equation 2 (c).

2.1 | Discussion

In order to better understand the collected data, the evolution of
the growth rate (R) with Tq was measured. Indeed, previous stud-
ies have highlighted that investigating the deposition kinetics vs.
the experimental conditions could provide meaningful insights
about the growth mechanisms of PPF [17, 50, 51].

As observed in Figure 7a, the growth rate decreases with Tg
(i.e. from 5.39 + 0.33 to 1.568 + 0.015 nm/min) according to an
exponential law (red curve on Figure 7a) as previously observed
in the literature for other precursors [15-17, 52].

To understand this behavior, some fundamental concepts of
the PPF growth mechanism at the molecular scale have to be
discussed. Upon ignition of the plasma, reactive species (mainly
radicals and to a lesser extent ions) are generated by electronic
collision. Simultaneously, the growing film is continuously bom-
barded by positive ions (accelerated toward the surface with a
kinetic energy typically ranging from 10 to 30 eV) inducing bond
breaking at the interface and thus the formation of surface rad-
icals. [48, 53]. The film-forming species from the plasma adsorb
and react with the surface-activated sites to form a covalent
bond, as described in the Activated Growth Model (“AGM”)
developed by d’Agostino in the 1980s [9, 54]. From a molecular
point of view, the reactive moieties are firstly physisorbed in a
weakly-adsorbed state, diffuse along the interface before being
chemisorbed through a reaction with a dangling bond [16, 17,
51]. In this context, the residence time (7), i.e. the average time
that the particles spend on the surface before desorption, is a
key parameter for the chemical incorporation of the film-forming
species. Indeed, increasing (decreasing) 7 results in a higher
(lower) probability for the reactive specie to find a chemisorption
site before being desorbed.

Based on this approach, R is proportional to the flux of film-
forming species toward the interface (Fy), the density of surface-
activated sites (Sg) and the residence time (7) [16]:

“Ephys

R ~ Fy.Sg.T = Fg.Sg.T,€ *87s 3)

where 7,, Eyy and kg correspond to the smallest possible
residence time (i.e. the inverse of the vibrational frequency of the
surface bond, ~ 1072-107" ), the physisorption energy and the
Boltzmann constant, respectively.

Considering Equation 3, it should be mentioned that Fy and Sy
directly depend on the fragmentation degree of the precursor in
the discharge (a) and on the ionic bombardment, respectively.

TABLE 3 | Attribution of the various peaks observed by mass spectrometry measurement of allylamine-based plasma.

Allylamine plasma peak attributions

m/z ions

2 H,*

14-17 NH,,*

15-16 CH;,*

26-30 C,H,"; CNH,,*
39-44 C,H,;4%; C,NH, *
54-56 M-H)* ; M-2H)* ; M-3H)*
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FIGURE 7 | (a)Growth rate of NH,-PPF as a function of the substrate temperature. The red line is the exponential law fitting. (b) Evolution of In

(R) as a function of inverse Ts. The red line is the linear law fitting.

These two parameters are expected to be independent of the
substrate thermal conditions. Consequently, only the exponential
term depends upon T, correlating the trend regarding R vs.
Ts observed in Figure 7a. Similar equations have successfully
described the evolution of R with Ty for PPF of propanethiol,
propylamine, methyl methacrylate, allyl alcohol and propanol
[16, 17, 52].

Interestingly, E,;,,s can be obtained by plotting In(R) as a function
of 1/Tg (see Figure 7b) yielding a value of -0.17 = 0.02 eV
corresponding to typical physisorption energy values [55-57].
Eppys can be considered as an apparent physisorption energy of
the film-forming species [16].

At this stage, it has been observed that the evolution of T;
and hence, the mechanical properties of the coating, arises
from an increase of y with Tg. On the other side, R varies
as a function of Tg and strongly depends on the precursor.
In order to understand this observation, the concept of energy
density (¢) must be introduced, defined as the energy brought
to the growing film through ionic bombardment and normalized
with respect to the total amount of matter deposited according
to [58, 59]:

€= —mean (4)

where I; corresponds to the flux of ions reaching the growing
film and E_,, the mean energy of the bombarding ions. For
several PPF families, a linear correlation has been evidenced
between y (directly influencing T and the mechanical properties)
and ¢ [59].

Considering our experimental window, only Ty is varied. It can be
reasonably assumed that the values of T; and E,.,, (as aforesaid,
mainly influenced by the plasma parameters, i.e. electron density
and electron temperature) remain stable whatever the thermal
conditions of the substrate. On the other hand, as previously
shown, R is highly sensitive with regard to Tg. According to the
Equation 4, € is expected to increase with Tg (as R decreases). This

250 F ' ' -, o
225 A -
2001 A / R2=09 1
175 | A d 1
O 150 | Lo A 1
o v 1
~ 1251 .
F 100} K .
e OH-PPF
wr RETIN NH,-PPF ]
50 /// - - ~linear fit for both PPF families| 7]
25 Bl ]
O 1 1 1 1
0.0 0.2 0.4 0.6 0.8
1/R (min/nm)

FIGURE 8 | Evolution of Ty as a function of the inverse of R for allyl
alcohol-based PPF (red) and allylamine-based PPF (green). The blue line
is the linear fit considering both precursors.

correlates with the increase in y with Tg, affecting the mobility of
the molecular segments and consequently the T of the material.

To rationalize these data, the evolution of T is plotted as
a function of 1/R (i.e. proportional to € in our experimental
window) in Figure 8, along with T; previously reported for
allyl alcohol-PPF synthesized in the same reactor under similar
experimental conditions [16]. Interestingly, the evolution of Ty
for both precursors follows a similar linear trend as a function
of 1/R (blue dashed line, R?* = 0.9), indicating some similarities in
their respective growth mechanism. The main difference lies in
the 1/R values as for allyl alcohol, the growth kinetic, for similar
Ts, increases compared to allylamine due to higher physisorption
energies (i.e. -0.23 + 0.01 eV for allyl alcohol and -0.17 + 0.02 eV
for allylamine) and « (i.e. 0.76 + 0.05% for allyl alcohol vs 0.25 +
0.05% for allylamine). This set of data clearly reveals that besides
the modulation of T, tuning the chemical function hosted by the
precursor allows to enlarge the control over T; and hence the
mechanical properties of the layers.
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3 | Conclusion

This work explores the influence of the substrate tempera-
ture on the chemical composition and mechanical properties
of allylamine-based plasma polymers. The objective of this
work was to improve our understanding of the relationship
between the thermal conditions of the substrate and the growth
mechanism.

Although minor mechanical behavior changes (i.e. less than
1 GPa) cannot be excluded, it was shown that the mechanical
properties of the PPF are not significantly affected by the
substrate temperature, consistently exhibiting an elastic solid
behavior with a rigidity modulus of approximately 3 GPa. This
trend is correlated with the evolution of the surface transition
temperature Ty, related to the glass transition of the poly-
meric film, and systematically above the room temperature.
Furthermore, T was found to increase with Ty and governed
by the cross-linking degree of the coating. The latter directly
depends on the energy density brought to the growing film
by bombarding ions, which is inversely correlated with depo-
sition kinetics. Interestingly, comparing with already published
data, the relationship deduced for allylamine linking the glass
transition temperature and the energy density also holds for
allyl alcohol suggesting similarities between their respective
growth mechanisms. However, these data also highlight major
differences in the deposition kinetics under identical experi-
mental conditions, which greatly affect the energy density and,
consequently, the mechanical behavior of the polymer film.
Therefore, in addition to the substrate temperature, the glass
transition can be finely tuned over a wide range (i.e. from 17.5°C
to 230°C) and on demand through a judicious choice of the
chemical nature of the precursor. The resulting control over
the layer viscoelastic properties is of prime interest for numer-
ous applications, notably the conception of flexible electronic
components.

The whole set of our data unambiguously provides new insights
about the role played by the thermal conditions of the substrate
on the mechanistic formation of functionalized plasma polymers
offering an additional degree of freedom for material optimiza-
tion. The analysis of the deposition kinetics as a function of the
substrate temperature for a given precursor can serve as a quanti-
tative probe of the interactions between plasma-generated species
and the substrate interface. This methodology complements
existing macroscopic approaches focused on activation kinetics
within the plasma and contributes to a more comprehensive
fundamental understanding of the molecular growth mechanism
of plasma polymers.

4 | Experimental Section/Methods
4.1 | Reagents

2-propen-l-amine (99%, Sigma-Aldrich), which will be refer-
enced as allylamine in this work, was used as received on 1 x lcm?
silicon pieces cut from wafers. Prior to their introduction in the
plasma chamber, the substrates were cleaned with 1-isopropanol
three times and dried under a nitrogen flow.

4.2 | Plasma Polymerization Method

Plasma polymer film growth was carried out in a metallic
deposition chamber (65 cm in length and 35 cm in diameter)
with a residual pressure of less than 2.107® Torr. The vacuum
was ensured by a combination of turbomolecular and primary
pumps. A more detailed description of the plasma chamber can
be found elsewhere. (1) The reactor consists in an internal one-
turn inductive copper coil (10 cm in diameter) cooled with water
connected to an Advanced Energy Radiofrequency (13.56 MHz)
power supply with a matching network. For all the experiments,
the dissipated power and the precursor flow rate were 40 W and 10
sccm, respectively. The distance separating the substrate from the
coil was fixed at 10 cm. The working pressure was 40 mTorr and
was controlled during the process with a throttle valve connected
to a capacitive gauge. The substrate temperature was controlled
by a combination of liquid nitrogen flow in the manipulator
(for cooling) and electrical resistances in the substrate holder
(heating) coupled with a thermocouple, also inside the substrate
holder. This system allowed to control the temperature with a
precision of +1°C. Five temperatures have been investigated in
this work, namely -10°C, 0°C, 10°C, 23°C, and 45°C. Before each
deposition, the substrate temperature was stabilized for 30 min
to ensure the thermal equilibrium between the silicon substrate
and the heating/cooling system. For the sake of simplicity, PPF
synthesized with allylamine at a substrate temperature “X”°C will
be noted NH,-PPFy. in this work.

4.3 | Thickness Measurements

The deposited film thicknesses have been acquired by scratching
the coating surface with a scalpel blade and measuring the depth
of the produced step by AFM measurement five times. The
apparatus consists of a Bruker Multimode 8 microscope (Tapping
Mode) associated with a Nanoscope III controller. The growth
rate was obtained from the measured thickness vs the deposition
time. Growth rate error margins are determined from the error in
PPF thicknesses, calculated from a series of five measurements.

4.4 | XPS Measurements

The chemical composition of the PPF has been investigated
by means of XPS (X-ray Photoelectron Spectroscopy). The
measurements were carried out by a PHI 5000 VersaProbe
apparatus under a pressure of 5.10~° Torr. The photon source
was a monochromatized Al Ka line (1486.6 €V). The emitted
photoelectrons were collected with an angle of 45° with respect
to the surface. XPS spectra were acquired with a resolution of
0.2 eV. Charge minimization was ensured using a dual-charge
compensation system with a combination of low energy electrons
and argon ions. Analysis was performed directly after the PPF
synthesis to ensure minimal air contamination. Each sample was
analyzed at three different areas to ensure its homogeneity. XPS
spectra were calibrated by setting the Cl1s peak to a binding energy
of 285.0 eV. High resolution Cls and N1s spectra were curve fitted
using Multi-Pak software and considering a Gaussian-Lorentzian
function (70% Gaussian) with a full width at half-maximum of
1.0-1.5eV.
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4.5 | Cross-Linking Degree Evaluation

The cross-linking degrees were studied with the use of ToF-
SIMS measurement. Samples were probed immediately after their
synthesis to avoid air contamination. Static ToF-SIMS data were
acquired in positive mode at room temperature with a ToF-SIMS
IV instrument supplied by ION TOF GmbH using a pulsed 10 keV
Ar* ion beam (0.75 pA) rastering a scan area of 300x300 um?
eight time for each sample. The ToF-SIMS mass spectra were
normalized to the total ion count number and analyzed with the
help of a statistical method called Principal Component Anal-
ysis (PCA) using the SIMCA-13 software supplied by Umetrics
(Sweden).

PCA is a multivariate analysis technique aiming at summarizing
the variance patterns within a dataset. The variance in the data
describes the differences between the samples. For ToF-SIMS
data, these differences come from changes in the relative intensity
of the peaks between the sample spectra. Using PCA, a new set
of axes called principal components (PCi) is created, defining
the directions of the major variations within the data set. PC1
describes the line that best approximates the data. Usually, one
PCiis notenough to model the variance of a data set. A second PCi
(PC2), orthogonal to PC1, is then calculated to improve the data
approximation and so on. The results are then interpreted using
specific concepts namely the “scores” and the “loadings”. The
scores describe the relationship between the samples synthesized
at each T, while the loadings reveal the ionized fragments
responsible for the differences between the samples. More infor-
mation about this multivariate analysis method and its uses in
plasma investigation can be found elsewhere [27, 40, 41].

4.6 | Surface Transition Temperature Evaluation

Glass transition temperatures of the samples have been estimated
with a recently developed method based on ToF-SIMS measure-
ments [30, 60]. Static ToF-SIMS data have been acquired with a
ToF-SIMS V instrument supplied by ION TOF GmbH. An Ar gas
cluster ion beam (Ar-GCIB) with a cluster distribution centered
on Ary," was raster-scanned over an area of 500 X 500 um? (128
X 128 data points). Ar cluster ions were accelerated toward the
surface with an energy of 10 keV. A low-energy (5 eV) electron
flood gun was used to avoid charging effects of the probed sample.
Before each analysis, the analyte temperature was stabilized
20 min prior to analysis to ensure the thermal equilibrium of
the PPF and potential surface contamination were removed by
pre-sputtering of 2 X 10® Aryy,*/cm? in DC mode over an area
of 10001000 um?. The thickness of the probed PPF was fixed
at 220 nm to avoid any substrate effect on the measurement.
Analysis of the ToF-SIMS data, specifically the Ar,* and Ar;*
peak intensities, was exploited to determine the surface transition
temperature (Trp), strongly correlated to the bulk glass transition
temperature (T).

4.7 | Mechanical and Viscoelastic
Characterization

The PPF mechanical properties were probed by Peak-Force
Tapping Quantitative Nanomechanical Mapping (PF-QNM). [61,

62]. Measurements were performed using a Bruker AFM ICON
Dimension equipped with a Nanoscope 6 Controller. PF-QNM
data were collected using pre-calibrated AFM tips (RTESPA300-
30) supplied by Bruker with a calibrated spring constant k of
+ 50 N/m and tip radius of + 25 nm. The rigidity modulus
values were extracted by fitting part of the retract curve with the
Johnson-Kendall-Roberts (JKR) model. JKR previously proved to
be effective in the analysis of deformable materials, notably PPF
[18]. More information about the JKR theory and its describing
equations can be found elsewhere [26]. Three measurements have
been made for each sample using different areas. The thickness
of the probed PPF was fixed at 220 nm to avoid any impact of the
substrate on the AFM measurements.

4.8 | FTIR Characterization

Infrared measurements were performed in Attenuated Total
Reflectance mode (ATR) using a ALPHA II Compact FT-IR
Spectrometer supplied by Bruker. For each sample, three spectra
were acquired to ensure the sample homogeneity and then
averaged. Spectral background removal was performed using
the Sensitive Nonlinear Iterative Peak-clipping (SNIP) algorithm
with 8 iterations [63].

4.9 | Mass Spectrometry

The plasma composition was probed with a quadrupole HAL
EQP 1000 mass spectrometer provided by Hidden Analytical.
A 100 um extraction orifice connected the spectrometer to the
plasma chamber. The neutral plasma species were investigated in
residual gas analysis mode (RGA). Radicals and molecules were
ionized by electron impact (EI) with a low kinetic energy of 20 eV
to limit their fragmentation in the spectrometer. For the sake of
clarity, the mass spectra are presented from m/z = 1 to 65 as no
significant peaks are observed for a higher value of m/z.
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