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Abstract
In this communication, we report on an innovative solvent-free method that
allows for the design of nano-/micropatterns with tuneable dimensions. Our
approach is based on the spontaneous wrinkling phenomenon taking place in
a bilayer system formed by a mechanically responsive bottom plasma polymer
layer and a top aluminum thin film. The dimensions of the wrinkles can be
adjusted in a wide range (i.e., from nanometer to micrometer range) by
modulating the cross-linking density as well as the thickness of the plasma
polymer layer. Finally, it is demonstrated that these wrinkled surfaces could
efficiently be used as flexible
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organic precursor in the plasma. The complex scheme
including numerous gas phase and surface reaction

In the last 50 years, plasma polymerization has become a
well-established method for the synthesis of organic thin
films, referred to as plasma polymer films (PPF), with
applications in many fields such as photonics,! biology/
medicine,'”! and surface protection.[‘ﬂ Briefly, the growth
mechanism of a PPF is based on the activation of an

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pathways is responsible for the uniqueness of the PPF, as,
for instance, the absence of repeating units in comparison
with conventional polymers.'*®! The intrinsic substrate-
independent nature of the process, the outstanding
properties of the formed layers (i.e., high thermal stability
and insolubility in most of the solvents), the low
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environmental impact (i.e., the absence of solvents in the
process), the industrial scalability of the technique, and
the exquisite control over the physicochemical properties
of the PPF justify the popularity gained by the plasma
polymerization method.">!

Nano-/micro-organized surfaces are often a pre-
requisite for many applications in flexible electronic,!”’
sensor,'*! antifouling coatings,!! and so forth. One of the
most documented approaches to generate such kinds of
surfaces consists of the use of bilayer systems formed by a
stiff top layer on a compliant polymer film, which, under
an external stimulus, gives rise to the formation of a
wrinkled surface.'’"* It has been reported that the di-
mension of the wrinkles depends on both the stiffness
and the thickness of the layers.!'*''*! The objective of
this study is to demonstrate that this concept can be
utilized using a PPF as the compliant material. Con-
sidering that both the mechanical properties and the
thickness of PPF can be tuned by adjusting the process
parameters,l”'?! this achievement would represent the
emergence of a new versatile method for the design of
tailor-made micro-/nanopatterns. Furthermore, owing to
the intrinsic good adhesion properties of the PPF to any
kind of surfaces, this method would also be potentially
applicable to a large variety of materials.

As a first step, our experimental strategy (described in
Scheme 1) involves the deposition of PPF presenting differ-
ent cross-linking densities. This is obtained by varying the
substrate temperature (T), which has been demonstrated to
be a key parameter in recent works related to the growth of
propanethiol PPF.”"*’! In the second step, an aluminum
thin film is deposited on the PPF by the magnetron sput-
tering technique. The strong mismatch between the elastic
properties of the inorganic and organic materials is expected
to result in the wrinkling phenomenon.

If the methodology is performed using silicon wafers
as model substrates, the bilayers are also grown on
polyethylene terephthalate (PET) substrates to demon-
strate their potential as a flexible thin-film electrode.
Indeed, wrinkled surfaces have been identified as good
candidates for developing such a kind of material.[****]
For this purpose, the electrical sheet resistance of the
material is measured under severe and repeated de-
formation experiments.

2 | EXPERIMENTAL SECTION

The PPF were grown from 1-propanethiol on cleaned
1x1cm? silicon wafers or 4x1cm® PET substrates.
Propanethiol-based PPF were chosen as a case study in
view of our previous works.”"******l The depositions
were carried out in a metallic vacuum chamber (65-cm

and 35-cm diameter) where the plasma was sustained by
an internal one-turn inductive Cu coil (10 cm in diameter).
More details about the chamber can be found else-
where.!”! The coil was connected to an advanced energy
radio frequency (13.56 MHz) power supply via a matching
network. The precursor flow rate, the injected power, and
the working pressure were fixed at 10 sccm, 40 mTorr, and
40 W for all experiments, respectively.

The substrate temperature (T;), measured using a
thermocouple affixed to the substrate holder, can be ac-
curately controlled (£2°C) by combining two in-
dependent heating and cooling (using liquid nitrogen)
systems. More details about the regulation of the sub-
strate temperature can be found elsewhere.”'! In this
study, the influence of T on the physicochemical prop-
erties of the layers was investigated in the range 0-45°C.

The deposition of the top aluminum thin film (thickness
fixed at 50 nm) was carried out by magnetron sputtering in a
second chamber with an Al target (450 X 150 mm?) in a pure
Ar atmosphere. The working pressure and the power applied
to the target were 5mTorr and 1,000 W, respectively. More
details about the experimental setup can be found
elsewhere.””! After the deposition of the propanethiol PPF,
the samples were directly transferred to the second reactor.

The thickness of the PPF was obtained by measuring
the difference of height between coated and uncoated
parts by AFM. The cross-linking density of PPF is eval-
uated by static time-of-flight secondary ion mass spectro-
metry (ToF-SIMS) measurements acquired using ToF-SIMS
IV instrument from IONTOF GmbH. A 25keV Ga*
ionAncre beam at a current of 0.8 pA is raster-scanned over a
scan area of 200 X 200 um? for 150 s. Topographical analyses
of the multilayer system are carried out with a Bruker
Multimode Atomic Force Microscopy (AFM) in tapping
mode, equipped with a Nanoscope III controller and a
phase extender module. An etched Si probe (PPP-NCHR
Nanosensors GmbH) was used. The AFM images were
treated according to the spectral imaging processing power
spectrum density (PSD) method.”*! With regard to the
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SCHEME 1 A schematic description of the strategy
developed in this study: (1) the synthesis of the plasma polymer
film for different T and (2) deposition of an aluminum top
coating by magnetron sputtering
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evaluation of the electrical resistance of the Al/PPF bilayer
system deposited on the PET substrate, bending tests were
carried out using a homemade setup.””! In this study,
repeated bending deformations (i.e., 1,000 times) were ap-
plied. The electrical sheet resistance was measured after each
deformation cycle using a two-probe method.

3 | RESULTS AND DISCUSSION

First, the cross-linking density of the PPF is semi-
quantitatively evaluated by ToF-SIMS technique. It has
been reported that for PPF material, the cross-linking
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degree is inversely correlated with the total secondary
ions intensity for spectra recorded in the positive
mode.**"1 Within our experimental window, it can be
concluded that the cross-linking density increases with
Ts (Figure S1), which suggests an increase in the
stiffness of the layer. This trend has been already
reported and is explained through a decrease in the
energy density brought by positive ions to the growing
film with respect to the total amount of matter
deposited.!*”!

Figure 1 shows the morphologies of the bilayer system
consisting of the Al thin film (50 nm) deposited on 250-nm-
thick propanethiol PPF grown at Tg=0, 10, and 20°C.
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Two-dimensional atomic force microscopy images of 250-nm-thick plasma polymer film (PPF)/Al bilayer with

varying T during the growth of the PPF: (a) 0°C with (b) the corresponding cross-section, (c) 10°C, and (d) 20°C. Evolution of

(e) A and (f) A as a function of T
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Two-dimensional atomic force microscopy images of 10°C-prepared plasma polymer film (PPF)/Al bilayer with

varying thickness of the PPF: (a) 250 nm with (b) the corresponding section, (c) 400 nm, and (d) 820 nm. Evolution of (e) A and

() A as a function of VH

The analysis of the AFM images unambiguously reveals, for
the first time, that the wrinkling phenomenon takes place
using PPF as a compliant bottom layer. From these results,
we also learn that the wrinkle wavelength (i.e., peak-to-peak
distances, 4) and amplitude (i.e., peak-to-valley distance, A)
strongly depend on T, and hence the cross-linking density of
the polymeric layer. As plotted in Figure le,f both 4 (from
2.67+0.65 to 0.51+0.09um) and A (from 0.79 +0.1 to
0.17 £0.01 um) decrease with the increase in the cross-
linking density of the PPF (through an increase in T from
0°C to 20°C). For the sake of completeness, the surface
roughness evolves from 265+8 to 56+ 1nm when T is
increased.

These observations could be rationalized by con-
sidering the theoretical evolution of the wavelength,

A ~hH (En/Eppr)Y6, where h, H, E; represent metal/
PPF thickness and elastic moduli, respectively.**! The
increase in the cross-linking density of PPF induces an
increase in its elastic modulus and thus a decrease in
the wavelength. The evolution of the wrinkle ampli-
tude is related to the conservation of the film surface.
At constant strain, § « (A//1)2, we thus expect a similar
trend for both the amplitude and wavelength, as
shown in Figure le,f. These observations are in line
with previously reported studies using conventional
polymers.['**! 1t should be noted that a further
increase in the cross-linking degree of the PPF
(for Ty =45°C) eliminates the wrinkling phenomenon
(Figure S2). At this temperature, the critical strain for
wrinkling, 8. ~ (Eppr/Ea1)"’?, related to the stiffness of
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FIGURE 3 Evolution of the relative resistance (R) increase
for flat Al and wrinkled plasma polymer film/Al
(A=1.13+0.17 um and A =0.56 + 0.05 um) deposited on
polyethylene terephthalate substrate with the corresponding
atomic force microscopy images as a function of the number of
cycles of repeated bending events

the PPF becomes too high to enable the morphological
reorganization.*”

For a given T (i.e., 10°C), the influence of the thickness
of the PPF on the morphological features is investigated in
the range 250-820 nm, and it follows the expected behavior
(ie., Ax~H), namely an increase from 0.64 +0.07 to
1.8+0.51 um (Figure 2)."”! The amplitude, related to A,
also increases (i.e., from 0.19 +0.05 to 0.66 +0.19 um) as
shown in Figure 2f, whereas the surface roughness evolves
from 74 +1 to 220 + 12 nm.

On the basis of these data sets, it can be concluded that
our methodology allows for the design of nano-/micropattern
with a large control over the dimensions of the structures
(i.e., from the nanometer to the micrometer scale) by simply
adjusting the deposition time (i.e., thickness) and T (i.e., the
cross-linking density of the PPF). Another major point is that
owing to the use of magnetron sputtering for the deposition
of the metal top layer, the wrinkling phenomenon sponta-
neously takes place without the need of any external stress in
contrast with other studies."”'”! On the basis of the litera-
ture, this is explained as follows: during metal deposition,
exothermic surface condensation reactions as well as ionic
bombardment encountered by the PPF substrate could lead
to a spontaneous increase in the system temperature. After
deposition and as a consequence of the significantly different
thermal expansion coefficient of the metal and the organic-
like coating, compressive stress would be generated. When
the latter gets relieved, surface undulation spontaneously
takes place.'****

Finally, we have examined the feasibility of our ap-
proach for the design of a flexible thin-film electrode. In
this case, the wrinkled PPF/Al bilayer has been grown on

AND POLYMERS

a PET substrate using the experimental procedure es-
tablished in this paper (see the AFM image in Figure 3).

To evaluate the mechanical stability of the electrode, the
bilayer system has been bent for 1,000 times. In this ex-
periment, for each bending cycle, PPF/Al layers on the PET
film (125um thick) were submitted to a positive radius
curvature (6.5mm), corresponding to a positive strain of
0.97 +0.08%. The evolution of the sheet resistance measured
after each bending cycle (red curve) as a function of the
number of bending events reveals a relative increase in the
resistance of about 70% for the entire procedure, corre-
sponding to an evolution of the sheet resistance from 1.3 to
2.3 Q/[]. The electrode remains electrically conductive, in-
dicating that the wrinkles can, to some extent, be reversibly
stretched in response to the bending deformation. In con-
trast, if a flat smooth Al thin film (roughness of ~7 nm) is
directly deposited on a PET substrate, the electrical resistance
dramatically increases by 12,000% after ~500 cycles, indicat-
ing that the material is no longer conductive, likely due to
the failure of Al layer under the repetitive strain (Figure 3).
This behavior could be ascribed to a distribution of the ap-
plied strain over a longer length for the wrinkled morphology
in comparison with the smooth deposited layer.””!

4 | CONCLUSION

In this study, we establish an entire solvent-free process
for the design of tailor-made nano-/microwrinkled sur-
faces. The method is based on the spontaneous generation
of surface patterns in bilayer systems consisting of a me-
chanically responsive PPF and a magnetron-sputtered Al
layer. The method, herein developed, offers a remarkable
control over the dimensions of the surface topography by
modulating the physicochemical properties (i.e., thickness
and cross-linking degree) of the PPF. Furthermore, thanks
to our approach, the wrinkled surface can be produced
even on a solid substrate that cannot be stretched or
compressed by sandwiching a plasma polymer layer, of-
fering an additional degree of freedom for material en-
gineering. It is finally demonstrated that the established
methodology also enables to design a flexible electrode,
opening the door to numerous research domains including
stretchable solar cells, bioinspired devices, and so forth.
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