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ABSTRACT: Here, we present the study of the intricate dynamics
between the physicochemical properties of liquid propanethiol
plasma polymer films (PPFs) and the formation of wrinkles in
PPF/Al bilayers. The study investigates the effect of liquid PPF
aging in the air before top Al layer deposition by magnetron
sputtering on the wrinkling phenomenon for 4 days. Thanks to
atomic force microscopy, the wrinkle dimensions were found to
decrease by approximately 55% in amplitude and 66% in
wavelength, correlated with an increase in the viscosity of the
PPF over the aging duration (i.e., from less than 107 to 10'° Pa-s). 72h
This behavior is not linked to alterations in cross-linking degree as

evidenced by time-of-flight secondary ion mass spectrometry

experiments but rather to network densification driven by the

inherent molecular chain mobility due to the viscous state of the PPF. X-ray photoelectron spectroscopy measurements emphasizing
the absence of oxidation of the PPF over the aging duration support this, revealing a unique aging mechanism distinct from other
plasma polymer families. Overall, this study offers valuable insights into the design and application of mechanically responsive PPFs
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involved in bilayer systems, paving the way for advancements in nanotechnology and related fields.

1. INTRODUCTION

Over the past several years, plasma technologies have garnered
increasing attention due to their capacity to enhance the
surface properties of raw materials by either activating the
surface or depositing new, valuable layers.' Among the
plethora of plasma techniques available, plasma polymer-
ization, a process belonging to the plasma-enhanced chemical
vapor deposition category, stands out as a particularly
compelling method for creating organic thin films known as
plasma polymer films (PPFs).” The process is based on the
activation in a plasma of organic vapor, resulting in the
formation of reactive species, including radicals and, to a lesser
extent, ions. A PPF is then formed due to the condensation of
the reactive species on surfaces exposed to the plasma. The
unique growth mechanism, driven by numerous and intricate
gas-phase and surface reactions, is responsible for the
exceptional properties of PPFs, including their thermal
stability, strong adhesion to various substrates, and wide
range of chemical compositions as well as their uniqueness,
such as the absence of repeating units in their polymeric
network.” Moreover, the simplicity, low environmental
impact, and cost-effectiveness position the plasma polymer-
ization process as a reliable technique for producing thin films
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with vast potential applications, including the biomedical
field,”° corrosion protection,7’8 electronics,”'’ and more.

In recent decades, there has been a significant focus on fine-
tuning the chemical composition of PPFs, which is of interest
for biological applications. Substantial advancements have been
achieved, particularly in nitrogen-,11 oxygen-,12 chlorine-,"* and
sulfur'*-based PPFs."*~"” While the mechanical properties of
PPFs were previously overlooked, they were generally regarded
as rigid and elastic materials, and recent literature has
highlighted their significance. Indeed, beyond focusing on
the chemical composition, the precise control of these
mechanical properties has become a critical requirement for
advancing the applications of PPFs, particularly for modulating
the biological response of the material.”’
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Our research group has recently achieved a breakthrough in
tailoring the mechanical properties of propanethiol-based PPFs
by carefully controlling the substrate temperature (T) during
deposition.”’ We observed a remarkable transition from a
highly viscous liquid to a rigid elastic solid as T increased
within a narrow temperature range, specifically from 10 to 45
°C. Leveraging the newfound capability to create mechanically
responsive PPFs, we have developed various strategies for
producing nanostructured thin films, focusing on implement-
ing bilayer systems of interest for fabricating flexible electro-
des."” For instance, we have shown that a bilayer system
composed of a liquid PPF as the bottom layer and an
aluminum coating deposited via magnetron sputtering as the
top thin film exhibits a spontaneous surface reorganization
phenomenon characterized by the appearance of wrinkles.'’
Our results have indicated that the dimensions of these
wrinkles can be tuned in a wide range by modulating the
thickness of the PPF bottom layer.”** Notably, the wrinkled
bilayers obtained in our experiments were created by
consecutively depositing the aluminum layer directly after
synthesizing the thin film on the PPF bottom. The influence of
the time between the two steps of this process was primarily
overlooked.

Moreover, it is well-known in plasma polymerization that
PPFs undergo an aging effect involving various physicochem-
ical reactions, including oxidation when exposed to ambient air
and surface reorganization of the polymeric network.'****> On
this basis, the potential influence of aging time, spanning the
duration between PPF synthesis and aluminum deposition, on
the wrinkling phenomenon represents an intriguing aspect that
requires thorough investigation.

Within this context, the primary objective of this study is to
comprehensively examine the aging phenomenon observed in
liquid propanethiol PPFs and its impact on the morphological
reorganization process when involved as a compliant material
in PPF/Al bilayer systems. We aim to shed light on the
underlying mechanisms responsible for this aging effect. To
achieve this, we will conduct a multifaceted analysis. First, we
will assess the mechanical properties of PPFs over time using
atomic force microscopy (AFM). This will provide valuable
insights into how these properties change as PPF ages.
Additionally, to gain a deeper understanding of the key factors
driving the evolution of PPF’s mechanical properties, we will
scrutinize the chemical composition and cross-linking degree
of the PPF. This will be accomplished through X-ray
photoelectron spectroscopy (XPS) and time-of-flight secon-
dary ion mass spectrometry (ToF-SIMS).

2. EXPERIMENTAL SECTION

2.1. Substrate Preparation. PPFs based on propanethiol were
deposited onto 1 X 1 cm? silicon wafers using 1-propanethiol (99%,
Sigma-Aldrich). The substrates were meticulously cleaned with 1-
isopropanol through three cycles and then dried under a nitrogen flow
before being introduced into the deposition chamber.

2.2. Plasma Polymerization. Depositions were conducted within
a stainless-steel vacuum chamber measuring 65 cm long and 35 cm in
diameter. The reactor underwent evacuation using a sequence of
turbomolecular and primary pumps, achieving a residual pressure
below 2 X 107 Torr. Additional sﬁpeciﬁcs about the deposition
chamber can be found elsewhere.”® Throughout the deposition
process, plasma was sustained by a water-cooled copper coil (10 cm in
diameter) positioned 10 cm from the sample surface inside the
chamber. The coil was connected to an RF (13.56 MHz) power
supply (Advanced Energy) via a matching network. Depositions were

carried out at a constant pressure of 40 mTorr, regulated by a throttle
valve connected to a capacitive gauge. The precursor flow rate
remained constant at 10 sccm, and the power applied to the coil was
set at 40 W for all experiments. The substrate temperature was
monitored using a thermocouple attached to the substrate holder to
maintain consistent conditions. External control using liquid nitrogen
ensured a constant substrate temperature of 10 + 1 °C, with the
temperature stabilized for 30 min before initiating the deposition to
establish thermal equilibrium between the substrate holder and the
substrate surface. The choice of this experimental condition is guided
by our previous work on propanethiol PPFs, which enabled the
synthesis of a liquid-based thin film.*"

2.3. Aluminum Deposition. Aluminum top layers, set at a
thickness of 50 nm, were deposited onto propanethiol PPFs using
magnetron sputtering in a secondary chamber. The deposition
process involved an aluminum target measuring S cm in diameter
within an inert atmosphere. Argon (Ar) was introduced at a fixed flow
rate of 40 sccm, and the pressure was maintained at 7 mTorr. A power
of 100 W was applied to the target during the sputtering process. A
comprehensive account of the experimental setup is available in a
detailed description elsewhere.”' Before the deposition of Al coatings,
the PPFs were stored in the air, varying the aging duration from 0
(i.e., as-deposited) to 96 h.

2.4. Topography Measurements. The topography of the PPF/
Al bilayer system was captured by AFM using a Bruker Multimode 8
microscope working in tapping mode scanning, equipped with a
Nanoscope V controller. Silicon tips labeled “RFESPA-190,”
commercially available from Bruker Nano Inc. (Santa Barbara, CA),
were employed. The resonance frequency at which the acquisitions
were made was about 190 kHz, and the cantilever stiffness was about
35 N/m. The AFM images were analyzed using the “Nanoscope
Analysis” software. The presented images are in their original
recorded state, with consideration given to plane fitting processing.

2.5. Viscosity Measurements. A two-step AFM procedure was
employed to assess the viscosity of propanethiol PPFs. The AFM
setup utilized a Bruker Multimode 8 microscope with a Nanoscope V
controller to induce surface modification (i.e., scratching of the
polymer film) in contact mode. Subsequently, in a second step, the
microscope linked to a NANONIS external controller (by Specs) was
switched to tapping mode measurements following the film
scratching. Silicon tips from BudgetSensors (ElectriMulti7S-G) were
utilized for scratching, featuring a resonance frequency of approx-
imately 62.77 kHz, a typical radius of curvature below 25 nm, and a
cantilever spring constant of 1.4251 N/m, determined on cleaned
Silicon. The initial step of the analysis involved a large force of 190
nN of the cantilever onto the PPF surface, executing a scanning along
a unidirectional line by turning off the slow axis scan spanning over 6
pum for 10 min. Subsequently, the resulting perturbation or “scratch”
was imaged over time perpendicular to the virtual line direction to
enhance measurement precision in tapping mode. The temporal
evolution of the scratch profile was then examined, providing insights
into the relaxation dynamics of the PPF, directly correlated with the
physicochemical properties of the layer and, ultimately, the viscosity
of the PPF by using a procedure described in a previous study.””

2.6. Chemical Composition Measurements. The chemical
composition of PPFs was investigated through XPS. Employing a PHI
5000 Versa Probe apparatus directly interfaced with the deposition
chamber under vacuum conditions, a monochromatized Al Ka line
(1486.6 eV) served as the photon source. The atomic relative
concentration of each element was determined by calculating peak
areas, taking into account the corresponding photoionization cross
sections, the electron inelastic mean free path, and the transmission
function of the spectrometer.

2.7. Cross-Linking Degree Evaluation. Static ToF-SIMS
analyses were conducted on PPFs employing a ToF-SIMS IV
instrument manufactured by IONTOF GmbH. Spectra were obtained
utilizing a 10 keV Ar" ion beam at a current of 0.75 pA, systematically
rastered over a scan area measuring 300 X 300 um® for 125 s,
specifically in positive mode. The principal component analysis
(PCA) method analyzed the spectra using the SIMCA-P13 software
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Figure 1. 2D AFM images of 285 nm-thick PPF/50 nm-thick Al bilayer for a PFF aging time of (a) 0 h, (b) 48 h, and (c) 72 h. (d,e) represents the
evolution of the wrinkles” amplitude and wavelength, respectively, with the PPF aging time.
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Figure 2. AFM images of PPFs (without the Al layer) after scratching for three aging times: (a) as-deposited, (b) after 48 h, and (c) after 96 h.

supplied by Umetrics, Sweden. Before multivariate analysis, each
spectrum was normalized to the total ion count number, mean-
centered, and scaled. More details about the PCA treatment can be

28
found elsewhere.

For reproducibility purposes, eight different
locations on the surface of each sample were accounted for ToF-

SIMS analyses.

3. RESULTS AND DISCUSSION

The stability of the mechanical properties of PPFs was
examined over time. It is widely acknowledged that wrinkling
phenomena are contingent upon the mechanical characteristics
of the bottom and top layers.”” > Consequently, as the sole
variable parameter, conducting wrinkling experiments on
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Figure 3. (a) Detailed evolution of the scratch profile over time for the PPF aged 48 h, showing changes in the depth and width of the scratch. (b)
Graph displaying both the empirical data (dots) and the fitted curves (lines) for the evolution of the fwhm of the scratch profile, comparing the 48
h-aged PPF (black) and the 96 h-aged PPF (red), illustrating the differences in relaxation kinetics between the two aging periods.

comparable PPF samples with varying intervals between the
synthesis of the PPF layer and aluminum deposition can
provide invaluable insights into the temporal evolution of PPF
mechanical behavior. For this purpose, five identical PPF
samples were synthesized simultaneously. Subsequently, an
aluminum top layer deposition was conducted directly on one
of these PPF samples to induce a wrinkled surface. Subsequent
aluminum depositions were carried out every 24 h on different
PPF samples stored in the air from this batch to generate
wrinkling on PPFs with distinct aging times.

Inference from Figure 1 reveals a rapid initial decline
followed by a gradual reduction in the dimensions of the
wrinkles with increasing PPF aging time. An analysis software
is used to obtain a vertical cross-section and measure wrinkles’
size. The height difference between the peak and valley is then
measured to determine the amplitude of the wrinkles.
Additionally, the distance between consecutive peaks and
valleys is measured to determine the wavelength dimensions of
the wrinkles. Specifically, the amplitude diminishes from 400 +
44 to 218 + 24 nm and the wavelength from 820 + 60 to 537
+ 32 nm over a PPF aging period of 4 days. These findings
suggest a discernible evolution in the mechanical properties of
the PPF over time.

Specific AFM experiments were conducted to thoroughly
investigate the temporal evolution of PPF mechanical behavior.
In this regard, the AFM tip was pressed onto the film surface,
sweeping along a virtual line spanning 2—5 um. This
manipulation induced the formation of a scratch of a
depression line on the PPF surface, as illustrated in Figure 2.
Subsequently, the PPF surface was systematically imaged over
time by AFM to study the viscosity of the system’s relaxation
dynamics, which is correlated to the layer’s mechanical
properties.”’ Figure 2 represents the AFM images depicting
the surface relaxation of PPFs (without the Al layer) for
varying aging times (i.e., as deposited, 48 h, and 96 h).

The PPF surface undergoes relaxation, gradually reverting to
its initial perturbation shape. At first sight, the relaxation
kinetic decreases with the aging time, revealing a variation in
the mechanical properties of PPFs during their storage in the
air.

The perturbation profile was scrutinized to evaluate the
evolution of the viscosity of the PPF with aging time. Figure 3a
shows that the hole’s depth decreases while the perturbation’s
width expands over time. Considering a viscous thin film, the
relaxation dynamic can be modeled using a two-dimensional
Stokes equation in the lubrication regime. Solving the system
equations under our experimental conditions leads to eq 17!

1/4
fwhm ~ (1h03] ¢4

n (1)

where fwhm represents the full width at half-maximum of the
perturbation [um], y denotes the PPF surface tension [N/m],
n signifies the viscosity [N-s:-m™2], h, denotes the film
thickness [nm], and t stands for time [s]. The comprehensive
mathematical treatment for solving the system equations can
be found elsewhere.”!

According to eq 1, the scratch width evolves with time
dependence following a power law with an exponent value of
1/4. Consequently, the fwhm of the perturbation profiles was
assessed over time, as depicted in Figure 3b, solely for 2 day
(48 h)- and 4 day (96 h)-aged PPFs; the relaxation dynamic of
the as-deposited PPF being too fast for enabling an accurate
temporal evolution of the fwhm (see Figure 2a). For both
PPFs, eq 1 notably aligns with our experimental data
concerning the evolution of the half-width maximum of the
scratch, as evidenced by a Pearson correlation coefficient of
0.97 for both cases (Figure 3b). In our experiments, the
viscosity of both layers can be evaluated from the fitting data,
considering a surface tension value of 107> N/m and a
thickness value (h) fixed at 2.5 X 1077 m. The obtained
viscosity values are estimated to be 107 and 10'° Pa-s for the 2
day (48 h)- and 4 day (96 h)-aged PPFs, respectively. As
evidenced by its lower recovery time, it can be concluded that
the as-deposited PPF has a viscosity lower than 107 Pa-s.

The evolution in the wrinkles’ dimensions of PPF/Al
bilayers depicted in Figure 1 can, therefore, be correlated with
the evolution of PPF mechanical properties, i.e., an increase in
the viscosity over aging time. Das et al. observed that for Al
thin films deposited on polydimethylsiloxane, the wrinkle
dimensions depended on the viscoelastic properties of the
viscous-state polymer in metal/polymer bilayers.”* They noted
a decrease in wrinkle dimensions with an increase in the
viscous and elastic components of the polymer.

The evolution in the mechanical properties of PPFs over
time may be attributed to an increase in the cross-linking
degree, limiting the chain mobility and increasing the material’s
viscosity.”* Indeed, it is widely acknowledged in plasma
polymerization that trapped radicals exist within the matrix
of most PPFs. These radicals are primarily responsible for
undesired effects, such as the postsynthesis oxidation of the
layer.'® Furthermore, Vasilev et al. also demonstrated an
increase in the cross-linking degree of the PPF with aging time
due to the recombination of radicals from adjacent molecular
segments, especially for low-cross-linked PPFs.”® This
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Table 1. Most Influential Loadings Revealed by the PCA of the Positive ToF-SIMS Data and Their Corresponding “Average

Fragments” and C/H Ratios

PC1 <0 >0
loadings
C4H7+r C5H9+l C5H11+’ C4H9+) C7Hll+l C5H10+/ C6H11+1 C4H8+) C7H13+) C5H7+r C6H13+J C4H6+/ C5H8+) C5H552+, CH3+7 C2H3+) C6H98+) CSHSS+)
CeHy", CsHy3", C;Hy,", CoHys', CeHys™, CeHyo'y C3H,', CiH,™, CiH,', CoH' CH,S", C4H,S", CsH,S,", CoH,S",
CH,y", CH,S,”
average Cs Hoyt Cy7Heo"
fragment
C/H ratio 0.57 0.68
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Figure S. (a) Evolution of the atomic concentration of C, S, and O as a function of the PPF aging time. (b) High-resolution XPS spectra for 1s

oxygen of the 96 h-aged PPF.

phenomenon is particularly prone to occur in our case as the
PPF employed in this study exhibits increased chain mobility,
as evidenced by its viscous state compared to conventional
PPFs. In this context, ToF-SIMS measurements were
conducted on PPFs at different aging times to evaluate the
veracity of this hypothesis.

Given the abundance of peaks in ToF-SIMS spectra, a
statistical treatment using the PCA method was employed for
data analysis, a strategy recently developed in the context of
plasma polymers to extract essential information regarding PPF
surface chemistry.’>*® The “score” plot from the PCA
treatment of the ToF-SIMS spectra is depicted in Figure 4.

The dissimilarity between ToF-SIMS spectra (obtained from
the several aging duration conditions) in Figure 4 correlates
with the distance between points representing ToF-SIMS
spectra positioned in the plot according to the surface
fragmentation pattern of PPFs. The principal components
(PC1 and PC2) axes capture 71.7% of the variance, with PC1
contributing 60.2% and PC2 11.5%. Consequently, only PC1 is
employed for data interpretation. As shown in Figure 4,

concerning the aging duration, the samples are well
discriminated along the PC1 axis except those for 24 and 48
h of aging. Table 1 summarizes the most statistically significant
peaks (i.e., peaks having a statistical weight > 90%) in the PC1
model, which are responsible for sample discrimination in the
score plot. A positive or negative loading coefficient (giving the
statistical weight) is associated with each m/z signal. The
higher the loading coefficient’s absolute value, the higher the
intensity variation of the corresponding peak from sample to
sample. Positive loadings characterize the as-deposited PPF
and the 24, 48, and 72 h-aged ones as they are positioned in
the positive part of the score plot when considering the PC1
axis, while the reverse situation prevails for the 96 h-aged PPF.
Insights from Table 1 also indicate that positive loadings
predominantly correspond to sulfur-based fragments, while
negative loadings are exclusively associated with hydro-
carbonated fragments. This point will be discussed later. The
“average fragment” chemical composition was evaluated for
each loading category to evaluate the evolution of the cross-
linking degree upon aging.”> A CH, group of identical valence
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states replaced sulfur atoms in the considered fragments of the
loadings. Carbon and hydrogen atoms were then tallied for
each loading category and divided by the number of
considered loadings. The calculated average fragments were
Cs4Hoy" and C,,Hgo" for negative and positive loadings,
respectively. Beyond the average fragment, attention was
directed to the C/H ratio, reflecting the cross-linking degree of
each loading category. Notably, the C/H ratio remained
relatively similar (0.57 vs 0.68) for both loading categories,
indicating an almost equivalent cross-linking degree across
samples. Furthermore, it is noteworthy that no oxygenated
fragments were highlighted from PCA interpretation as critical
peaks of the positive and negative loadings, suggesting stable
oxygen content in the PPF over time.

The nearly constant values of the cross-linking degree of the
PPF, whatever the aging duration, suggest a low concentration
or the absence of trapped radicals in the plasma polymer
network. Therefore, XPS measurements were carried out as a
complement. Figure Sa depicts the evolution of the elemental
chemical composition of the PPF over the aging time as
deduced from XPS analysis. For the as-deposited PPF, the
chemical composition is expected from our grevious studies on
the plasma polymerization of propanethiol.”’~*’

Interestingly, all atomic concentrations exhibit stability over
time, underscoring the PPF’s remarkable chemical durability
(see Figure Sa). Furthermore, considering the detection limit
of the XPS apparatus, no oxygen is identified in the spectra, as
illustrated in Figure Sb for the 96 h-aged PPF. This behavior
contrasts with the situation usually encountered for other
PPFs, where a non-negligible uptake of oxygen takes place
during the storage of the samples in the air.*” The absence of
postoxidation reactions over several days confirms our
hypothesis about the absence of trapped radicals in the film,
explaining the constant cross-linking degree with the aging
duration. This unexpected behavior compared to other plasma
polymer families might be tentatively explained by a reduced
energy density brought by positive ions at the growing film
interface at low substrate temperatures.”

Therefore, another mechanism is accountable for the
increase in the viscosity of the layers. Returning to the PCA
treatment of the ToF-SIMS spectra, the analysis of the loadings
(Table 1) reveals a higher proportion of sulfur-based fragments
over the aging duration. Considering the depth analysis of the
ToF-SIMS equipment (i.e., 1 nm), this could indicate a
preferential orientation of the sulfur-based functionalities
toward the plasma polymer/air interface and signify structural
alterations within the PPF as time progresses. Gengenbach et
al. have demonstrated that irrespective of PPF oxidation,
surface reorganization can occur in PPFs derived from different
precursors over time.”* Furthermore, intrinsic stress generated
in the PPF matrix during growth is well-documented in the
literature.”***" Based on these considerations, our hypothesis
to elucidate the increase in viscosity with aging time involves a
structural rearrangement in the PPF matrix. Considering the
viscous nature of our PPF, chain mobility, compared to
conventional solid PPFs, emerges as a predominant factor
driving the effects of aging in PPFs. This enhanced mobility
allows chain segments to adopt preferential positions, releasing
intrinsic stress and minimizing the system’s free energy
through low-energy interactions (e.g., van der Waals forces)
between closely positioned chain segments, resulting in
network densification. Support for this explanation is found
in the high atomic sulfur content in the PPF (~42%), as sulfur

possesses high polarizability, enhancing the van der Waals
interaction. This, in turn, reduces the mobility of the molecular
segments, increasing the polymeric network’s viscosity.

4. CONCLUSIONS

This study delves into the impact of the aging effect of liquid
propanethiol plasma polymer on the dimensions of wrinkles in
Al/PPF bilayers. The observed reduction in wrinkle
dimensions is associated with changes in the mechanical
properties of PPFs over time, specifically a decrease in the
viscosity. Intriguingly, this transformation is not linked to
alterations in the cross-linking degree as evidenced by ToF-
SIMS measurements but rather to a network densification
driven by the inherent chain mobility of the plasma polymer
network. The XPS measurements corroborate these findings,
emphasizing the absence of free radicals and a high sulfur
content within the PPF. The absence of oxygen over time and
the consistent chemical composition underline the unique
aging mechanisms of the liquid sulfur-based PPF compared to
other plasma polymer families. Notably, the aging duration of
the PPF could also become an additional tuning factor for
modulating the dimensions of the wrinkles in a wide range,
giving more degrees of freedom for surface engineering. Our
findings contribute to the fundamental understanding of PPF
behavior and open avenues for the controlled design of
nanostructured surfaces with enduring stability, holding
significant potential for advancements in various technological
applications such as flexible electronic devices,” super-
hydrophobic coatings,*” filtration membranes,*’ and biomed-
ical applications.™
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