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Plasma-Induced Maskless Formation of Quasi-Periodic

Nanoripples on Polymeric Substrates

Athina S. Kastania, Sotiris Mouchtouris, Eleni Stai, Angelos Zeniou, George Kokkoris,
Vassilios Constantoudis, Pavlos Tsavalas, Konstantina Mergia, Evangelos Gogolides,

and Angeliki Tserepi*

Quasi-periodic nanostructures on a variety of materials have recently attracted
tremendous attention due to their capability to dramatically change the materials’
surface performance and enable a variety of applications. In reported studies,
materials are nanostructured by “exotic” preparation strategies such as
self-assembly, cluster ion beams, and femtosecond lasers, not necessarily
providing rapid, large-area, and scalable fabrication based on a widespread
technology. Herein, reactive plasma etching is proposed as a conventional
technological route for maskless, large-area, and mass production of
quasi-periodic nanoripples formed on the bottom, adjacent to the electrode, area
of polymeric substrates perpendicularly oriented with respect to the electrode.
To provide a justification basis for the proposed strategy, a comprehensive
modeling framework is employed for the calculation of particle trajectories, which
predict the angular and energy distribution of ions reaching the perpendicular
substrate. These distributions show ions impinging on the area adjacent to the
electrode with high off-normal angles and high energies, favoring the formation
of nanoripples. The density of the formed nanoripples and the degree of their
quasi-periodicity are dependent on ion density, processing time, and the polymer
material, enabling the control of such plasma-induced periodic surface structures

applications in various fields, such as
photonics and optoelectronics,’™ energy
conversion and water splitting, photovol-
taics and fuel cells,? self-cleaning surfaces,
and antireflective coatings (windows,
paints, etc.).’! Such periodic nanostruc-
tures can be fabricated on a wide range
of materials from semi-conductors to met-
als and polymers with a variety of methods
that may not necessarily provide scalability
and large-area production. Examples of
these methods include short-pulse laser
processing, for example, ultraviolet or
infrared femtosecond laser irradiation,*-°!
various lithographic techniques, for exam-
ple, self-assembly of colloidal spheres or
multiple-patterning nanosphere lithogra-
phy,”# growth by oblique angle sputter
deposition,” roll-to-roll patterning,'” and
plasma etching.!" The latter method,
adapted in the present work, has several
advantages over many other methods in

that can be paramount for a wide spectrum of applications.

1. Introduction

Periodic nanostructures on various materials exhibit a wide
range of special properties—from optical to electrical—due to
their well-defined ordered patterns making them attractive for

terms of combining speed, scaling-up,
widespread technology, and maskless
fabrication.

More particularly, gaseous plasma treat-
ment, involved in surface engineering of polymeric substrates,
combines!"? rapidly and in one-step the ability to control the wet-
ting behavior,!**** to tailor optical properties,** to enhance the
surface area, and to introduce useful chemical functionalities
such as carboxyl and carbonyl groups.!'®'”) Additionally, plasma
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treatment enhances the surface biocompatibility, improves the
detection sensitivity, and imparts antimicrobial properties to
the treated surfaces.!"®'®! These modified surfaces have found
extensive use as smart and functional substrates, particularly use-
ful when integrated in microfluidic devices.?®*"! The majority
of such plasma engineered surfaces contain nanowire-like nano-
structures and are processed lying down to the powered
electrode, with the ions normally impinging at nearly perpendic-
ular direction on the surface. Nevertheless, rarely in the litera-
ture, surfaces are etched with ions impinging at off-normal
angles,*?* achieved by a modified plasma sheath, and ion beam
etching,** leading to intriguing geometric features, including
wiggling structures and periodic nanoripples.

Herein, the concept of implementing a modified sheath
to accelerate ions at high off-normal angles near the bottom edge
of a polymeric substrate, by simply placing the substrate in the
plasma reactor at right angles with respect to the electrode
(Figure 1), is proposed and demonstrated. To this end, a
modeling framework is employed to predict the formation of
anisotropic structures on perpendicularly placed polymeric
substrates. The results are also compared to the typical case of
polymeric samples horizontally placed on the electrode.

The said framework implements a reactor scale model and
a Monte Carlo particle tracing model that calculates the local
distributions of the ion incident angles and energies; the latter
distributions are found to depend on the distance from the
bottom edge of the perpendicularly placed substrate (see
Figure 1). Near the bottom edge, the highest impinging ion
angles are calculated, indicating that the ions “scratch” the
polymeric surface leading to ripple formation, parallel to the
ion direction. At increasing distances from the substrate bottom
edge, the ion impinging angle decreases, leading to a more
isotropic roughened pattern. This interesting phenomenon
describing the trend from anisotropic (nanoripples) to isotropic
(nanowire-like) roughness pattern is actually confirmed after
plasma processing of poly(methyl methacrylate) (PMMA)
samples, via scanning electron microscope (SEM) images and
their metrological analysis demonstrating the periodicity of
the anisotropic pattern. The masklessly formed quasi-periodic
nanoripples can actually be exploited in applications from
light harvesting by adjusting the optical properties of the
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metallic
walls

quartz electrode
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materials used® to bioanalytical chemistry by controlling
the ripple wavelength toward optimization of surface-enhanced
raman spectroscopy (SERS) substrates,”® microfluidics by
providing wetting control as well as embedment of SERS
surfaces inside the chips!®’! and bioengineering. As an example,
concerning the latter, surface roughness topographies are shown
to influence the differentiation of human mesenchymal stem
cells,”®*"! endothelial cells and smooth muscle cells.*”

2. Results and Discussion

2.1. Computational Analysis and Simulation Explaining the
Mechanism of Nanoripple Formation

The aim of the computational analysis is to elucidate whether
we can produce anisotropic roughness, that is, ripples, on
polymeric substrates by a single plasma etching step, without
using a mask or intricate sheath control plates. Based on previous
computational® %! and experimental®***”! studies, which show
that ripple formation (along the direction of ions) is feasible
when ions bombard the surface at angles greater than a critical
value, that is, 60° up to 80° depending on the system,*"*3=7]
we aimed at finding means to produce ions bombarding the
polymeric substrates at such angles, without using intricate
sheath control plates. An intuitive choice is to put the substrate
perpendicularly on the electrode (see Figure 1 and 2b), thus
affecting the sheath developed around the polymeric substrate
and consequently the direction of ions. In order to verify that
the intuitive choice would be effective, we employ a modeling
framework consisting of a reactor scale model®® and a Monte
Carlo particle tracing model,*” described in the Experimental
Section, in order to predict the local ion energy and angular
distributions on the polymeric substrate.

The results of the calculations for both a horizontally
(Figure 2a,c.e) and a perpendicularly (Figure 2b,d,f) placed
substrate (at a radial distance of 80 mm from the reactor center)
are portrayed in Figure 2. In Figure 2a,b, the electric potential
and the electric field vectors are shown for both cases; these
results are derived from the reactor scale model and are used
as inputs to the particle tracing model, which calculates the
ion trajectories and ultimately the local ion energy distribution

particle tracing model

SEM image

Figure 1. Schematic of the proposed technology and the modeling framework justifying the formation of anisotropic structures (as represented on the
SEM image) on polymeric substrates perpendicularly placed on the electrode.
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Figure 2. Results of the modeling framework. a,b) The time-averaged electric potential and electric field vector (white arrows) for a polymeric substrate
placed horizontally (left column) and perpendicularly (right column) on the electrode. c,d) The IEDFs and e,f) the IADFs at three positions along the
polymeric substrate, namely 0, 3.3, and 10 mm away from the bottom edge of the polymeric sample. The operating conditions for the capacitively coupled
plasma: 5.2 mTorr, and an applied RF power (at 13.56 MHz) on the electrode achieving a self-bias voltage of —210V.

functions (IEDFs) and ion angular distribution functions
(IADFs). In Figure 2c—f, the local IEDFs and IADFs at distances
0, 3.3, and 10 mm (black, red, and blue points in Figure 2a,b)
away from the bottom edge of the polymeric substrate are
compared.

In the case of the horizontally placed polymeric sample, the
IEDFs at all the positions have almost the same mean energy
and shape (Figure 2c). They exhibit the well-known bimodal shape
attributed to the relation of the transition time required for ions to
cross the plasma sheath in comparison to the electric time period
value, that is, very low ratio of transition time to electric field
period.*”) The mean energy remains almost the same due to the
fact that the electric potential does not change significantly on
the surface of the polymeric sample (Figure 2a), that is, the potential
difference with the bulk plasma is almost the same at all positions.

In the case of the perpendicularly placed polymeric sample
(Figure 2d), a noticeable difference of the IEDFs from the
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previous case (horizontally placed) is evident. The electric
potential increases with the distance from the sample bottom
edge (Figure 2b). As a consequence, the mean energy of the ions
decreases with the distance from the edge of the sample
(Figure 2); this does not necessarily imply that the local etching
rate will also decrease, as it additionally depends on the angle of
ion incidence which varies with the distance from the edge (see
discussion on IADFs below). The electric potential value does not
only affect the mean energy of the ions but also the shape of the
[EDFs at 10 mm, that is, due to the low values of the energy, the
ions’ transition time of the sheath has increased in comparison
to the electric field period and the bimodal shape disappears.*”!

The IADFs, shown in Figure 2e.f, are given as a function of the
ion incidence angle ¢, that is, the angle relative to the normal on
the polymeric sample surface. It has to be noticed that for the
case of the horizontally placed sample (Figure 2e), the mean
ion incidence angle is not 0°, that is, the ions do not impinge
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perpendicularly to the surface, due to the fact that the polymeric
sample is placed at a distance of 80 mm from the center of
the reactor, where the direction of the electric field deviates from
the normal to the surface. If the sample was placed at the center
of the reactor, the ions would have impinged perpendicularly
(i-e., ¢ would have been 0°).

When placing the polymeric sample perpendicular to the
electrode (Figure 2b), the ion incidence angle becomes negative
(Figure 2f) at all positions, following the local direction of
the electric field (see Figure 2b). At the bottom edge of the
perpendicularly placed polymeric sample, the ions are
“scratching” the surface of the polymeric sample, with an
impinging angle ¢ greater than 65°. The latter is expected to lead
to the formation of ripples parallel to the direction of ions, fol-
lowing previous experimental®®*”) and computational (Monte
Carlo and Molecular Dynamics) studies,*'* which demon-
strate ripple formation at ¢ greater than a system-dependent
critical value, ranging from 60° to 80°. The same studies imply
that the nanoripples will be diminished at the other two positions
on the polymeric surface (3.3 and 10 mm away from the edge of
the sample) as the mean ion incidence angle decreases below
~65°, leading to a more isotropic roughness pattern.
Summarizing, the computational study predicts a change in
the roughness pattern as we are getting closer to the bottom edge
of the sample: from an isotropic to an anisotropic pattern as ¢
increases and overcomes ~65°. Following the same argument, no
spatial roughness gradient is expected in the case of the horizon-
tally placed polymeric sample as the mean ion incidence angle is
low (below 13°, see Figure 2e).

Having predicted the aforementioned results and their
implications on the surface morphology, we proceed to the
experimental characterization of plasma micro-nanotextured
PMMA substrates that were processed in perpendicular to the
reactor electrode position and their comparison with horizontally
placed ones.

2.2. Validation of the Predictions via SEM Imaging and
Metrology

SEM images for plasma micro-nanotextured PMMA substrates
perpendicularly placed on the plasma reactor electrode and
at three distances along the z-axis from the substrate bottom
edge (at z~ 0, z=~ 3, and z~ 10 mm) are shown in Figure 3a—c.
For comparison, an SEM image of a substrate horizontally placed
with respect to the electrode is also displayed in Figure 3d.
Roughness is created on the perpendicular surfaces but with a
“twist”. Near the PMMA bottom edge (z~ 0 mm), that is, near
the plasma electrode, roughness is created in the form of nano-
ripples as predicted from simulation analysis. The anisotropic pat-
tern of nanoripples turns to an isotropic kind of roughness, which
is the well-known nanowire-like roughness and bundles, as one
moves along the z-axis from the sample bottom edge upward, that
is, from z~ 0 to z % 10 mm. Thus, the variation of the impinging
ion angle with the distance from the substrate bottom edge, as
predicted by the simulations described earlier, is confirmed to
influence the final surface topography. On the contrary, the
roughness created on samples horizontally placed in the plasma
reactor (as depicted in Figure 3d) does not exhibit any major
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Figure 3. SEM images (45° SEM views) of perpendicularly placed PMMA
substrates (plasma etched in ICP mode) of regions at distances
a) zx~10mm, b) zxz3mm, and ¢) zx~0mm from the bottom edge of
the substrate and comparison with d) a horizontally placed substrate.

differences from point to point, as expected from the uniformity
of IEDFs and IADFs along the substrate (Figure 2c.e).

In order to quantify this transition from anisotropy to isotropy
as we are moving upward on the sample, we calculated a properly
designed anisotropy index based on the 2D Fourier spectrum of
the SEM images of analyzed surfaces (preferably top-down). It is
well-known that the anisotropy of a surface morphology is
reflected on the Fourier transform (FT) of its SEM image, since
FT exhibits contour lines elongated along the anisotropy direction
in frequency domain. The degree of elongation of these lines can
be used as a metric to quantify the degree of the depicted surface
anisotropy. More specifically, we select the contour line corre-
sponding to the 1/3 of the peak of FT, and we calculate the pro-
posed anisotropy index A,,;s by the following equation:

Rmin
Apis =1——— (1)

Rinax

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

8518017 SUOWILIOD BAIRERID 3dedtdde 8y} Aq pauRA0B 88 SSo1Le VO ‘SN JO S3INJ J0j ARIq1T BUIIUO A1 UO (SUORIPUOD-pUR-SWLBY/W0D A8 | 1M ARe1q 1 BU1|UO//:Sd1L) SUORIPUCD PUe SWie | 84} 83S *[520Z/70/TT] Uo Akiqiauliuo A8|im ‘wiod ABRUZ NN 8819 ¥SON Aq 622207202 Wepe/Z00T OT/I0p/W0d A8 1M Aselq 1 jpuljuo"peoUeADe//Sdny wouy papeojumod ‘. ‘G202 ‘8792.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

where R, and Ry, are the minimum and maximum radius of
the selected contour line of FT, respectively. When A, is close to
0, the analyzed surface is almost isotropic, whereas A,.;s values
close to 1 indicate strong anisotropy of surface morphology with
well-formed ripples.

The results of the calculation of A,,;s from the top-down SEM
images correlated with the tilted ones shown in Figure 3 are
displayed in Figure 4. In the case of the perpendicular sample,
a drastic reduction of A,,;s from 0.8 to 0.1 is noticed as we are
moving from the bottom edge (z~0mm) to the top areas of
the substrate, characterizing quantitatively the transition from
anisotropic to isotropic surface morphologies. At the same bar
diagram, for the sake of comparison, we have added the very
small value of A,;s of the SEM images of samples horizontally
placed in plasma reactor justifying the expected isotropy of such
surfaces. The previously described transition from isotropic to
anisotropic morphologies, for the perpendicularly placed sample,
when we approach the bottom edge of the etched polymer
sample is accompanied with the emergence of an almost periodic
(quasi-periodic) pattern of nanoripples arranged perpendicularly
(to the electrode) in a parallel-like manner. This is in agreement
with the predictions by Hatsuse et al.’*! where formation
of nanoripples parallel to the direction of ions was described
for ion incident angles of 75°, as predicted in this work (see
computational analysis) at areas very close to the electrode
(z~ 0mm).

The formation of nanoripples is mainly induced by ion
reflection effects, as has been studied in previous works on
plasma etching of silicon and dielectric materials.?**¢ At
high ion incidence angles (>70°), the probability for ion
reflection increases and the reflection becomes dominant. The
reflected ions are bounced around the neighboring hills on
the surface morphology along the ion direction and cause ion
channeling effects. Of course, this mechanism requires a
preexisting surface roughness (neighboring hills or bumps),
which can originate from simultaneous co-deposition of
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Figure 4. Results of anisotropy index (A,,is) of PMMA samples after 3 min
plasma treatment (in ICP mode) for horizontally and perpendicularly
placed samples in plasma reactor.
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“etch-inhibitors,” as has been described in previous works. [

This co-deposition may typically come from sputtering of
unetchable “hard inhibitor” materials (metallic or dielectric
reactor walls) or from depositing “soft inhibitor” material from
the gas phase species.[*!]

Although the ripple formation on samples perpendicularly
placed in the plasma reactor seems universal for all plasma
modes and materials, some dependence on the substrate
material, the plasma process time, as well as the operation mode
of the plasma reactor is expected. In Figure 5a, the resulting
topographies between three samples are compared; two
PMMA samples textured in inductively coupled plasma (ICP)
and in reactive ion etching (RIE) or capacitively coupled plasma
(CCP) mode, respectively, as well as a cyclo-olefin polymer (COP)
sample textured in RIE mode. For all samples, the formation
of nanoripples is prominently shown in the sample area at
z= 0, rendering this method of texturing polymeric samples,
perpendicularly placed in the plasma reactor, rapid, easy and
promising for fabricating in one-step (masklessly and without
using intricate sheath control plates) quasi-periodic patterns.
Furthermore, the dependence of the nanoripple topography
on processing parameters, as evidenced from the metrological
analysis, follows.

The difference in the nanoripple patterns shown in Figure 5a
can be quantified by their period (mean ripple spacing) and their
deviation from full periodicity, that is, degree of quasi-
periodicity. Both metrics can be estimated by the analysis of
the 1D Fourier transform of the image profiles taken
perpendicularly to the ripple direction. Indicative results for
the mean 1D FT of the profiles of the three images of
Figure 5a are shown in Figure 5b. In all cases, the presence
of well-defined peaks is noticed and reveals the strong periodicity
of the obtained nanoripple patterns. The mean spacing of
nanoripples, d, can be calculated from the inverse of the
peak of the FT and quantifies the density of the formed
nanoripples. The results are shown in Table 1, where it can
be seen that the patterns obtained in ICP mode are much less
dense with a mean ripple spacing almost two times the spacing
of RIE patterns (~180 vs. #90 nm). On the contrary, it seems
that the change of polymer material has only a slight impact
on ripple density causing a reduction from ~90 nm in PMMA
to ~80nm in COP substrates (both etched in RIE mode).
These observations can be attributed to differences in the etching
rate leading to different stages of ripple formation and evolution;
the distance between the ripples increases gradually at later
stages, induced either by greater etching rates or plasma
treatment times. The etching rate is greater in ICP compared
to RIE mode (greater ion flux) and under the same mode the
etching rate is greater for PMMA compared to COP,!"*'® which
can be attributed to the higher etch resistance of COP compared
to PMMA due to its cyclic chains.** In all cases, the observed
periodicities for the polymeric materials studied in this work
are consistent with the ones predicted for silicon in the work
by Hatsuse et al.*® where a mean spacing of 35 nm has been
obtained at ion incidence angles of 75° (as predicted in this work,
for the area adjacent to the electrode), and very close to the perio-
dicities observed for ion beam etching of a photoresist material
in the work by Rudiger et al®* where periodicities around
100 nm have been recently reported. From the experimental and
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Figure 5. a) SEM images of plasma-textured PMMA and COP samples at different plasma modes; ICP mode (for 3 min), RIE mode (for 5 min). The
images indicate universal formation of quasi-periodic nanoripples, and yet some dependence of the periodicity on the plasma processing time, plasma
mode (ion concentration), and substrate material. All samples are placed perpendicularly to the plasma electrode. b) The 1D Fourier spectra of SEM
image profiles calculated perpendicular to the direction of ripples for PMMA surface etched in ICP (red line) and RIE mode (blue line) and COP etched in
RIE mode (purple line). The well-defined peak in all cases justifies the strong periodicity of the obtained nanoripple patterns.

Table 1. Mean spacing (d) and t-disorder parameter (@) of nanoripples in
the anisotropic patterns at the bottom edge of PMMA and COP samples.

Sample d [nm] ®

PMMA—ICP mode 186.0 +26.3 1.49+0.19
PMMA—RIE mode 89.8+7.8 0.97+0.28
COP—RIE mode 79.2£0.1 1.45+0.24

computational results presented in this work, we can infer that
the formation of nanoripples on polymeric substrates is
determined by the ion incidence angle which should be higher
than 70° for the formation of good periodic structures, while
regarding the morphological features of the nanoripples, their
mean spacing depends on the material roughness formation
rate, which in turn depends mainly on the plasma processing
conditions and the material chemical composition.
Furthermore, the deviation of ripple patterns from perfect
periodicity was estimated. In the language of the symmetry-
based approach to surface metrology, this deviation is termed
as the disorder from translational pattern symmetry
(t-disorder).*”) A common way to achieve this estimation is
the calculation of the normalized width,*® w, of the peak shown
in the Fourier spectra of Figure 5b. The obtained results for the
surfaces of Figure 5a are displayed in Figure 5b and show that the
best periodicity is exhibited by the ripple patterns of PMMA
material when etched in RIE mode. The other two surfaces have
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almost identical » values indicating similar deviations from
perfect periodicity. The results of Figure 5 highlight the highly
promising capability of the proposed method to generate ripple
patterns, offering control over both their density as well as the
degree of disorder. Moreover, the term plasma-induced periodic
surface structures (PIPSS) is coined for such structures in
correspondence with the well-established term laser-induced
periodic surface structures!’~*% widely used in the literature
for various applications.®*% The formation of such nanoripple
structures may be achieved, in addition to polymers, on
metallic substrates plasma processed in proper gases (e.g.,
Cl-containing gases).

Finally, in Supporting Information (SI, Section S2), more
SEM images are shown where the area over which the nanorip-
ples extend appears to be more than 3 mm in length for PMMA
treated in RIE mode and more than 1 mm in ICP mode (see
Figure 4). Presumably, the enhanced density of radicals expected
in ICP mode reduces the effect of ion-induced nanoripple
formation. Therefore, in cases where good pattern uniformity
is desired, one can select only this bottom area of the sample
and utilize the nanoripple topography accordingly in desirable
applications.

3. Conclusion

Herein, reactive plasma etching is proposed as a conventional
technological route for rapid, in one-step, maskless, large area,
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and mass production of quasi-periodic nanoripples formed
on the bottom, adjacent to the electrode, area of polymeric
substrates perpendicularly oriented with respect to the electrode
surface. A comprehensive modeling framework was utilized for
the calculation of the angular and energy distribution of ions
reaching the perpendicularly placed substrate with respect to
the electrode, providing a justification basis for the proposed
strategy. Detailed metrological analysis of SEM images obtained
from processed surfaces demonstrates the formation of
quasi-periodic nanoripples with density and degree of periodicity
depending on the ion density (flux), processing time and to a
lesser degree on the polymer material. The orientation and
the order of density of such structures as well as their depen-
dence on plasma processing conditions are in agreement
with the predictions described in former literature, for ions
incident at high angles (75°) and highly reflected from the
surface structures. The term PIPSS is coined for such periodic
nanostructures created through maskless gaseous plasma
processing. As a next step, detailed control of the nanoripple
features will be demonstrated and will be exploited in promising
material applications. In parallel, the modeling framework
will be elaborated and extended by adapting to experimental
conditions, relaxing simplifications, and addressing different
substrate materials; the aim will be to confirm the validity
of the framework and identify the most influential factors for
ripple formation.

4. Experimental Section

Modeling Framework and Simulations: The modeling framework
includes a reactor scale model and a Monte Carlo particle tracing
model. The former is a plasma fluid model®® and consists of 1) Poisson’s
equation, 2) the electron and electron energy balance, and 3) the mass
balances for all neutral species and ions. The latter calculates the
trajectories of the ions by solving Newton's equations of motion.

The aim of the modeling framework is to demonstrate the feasibility
and the potential of plasma etching to induce ripples on the perpendicu-
larly placed polymeric samples. As quantitative results are not expected
from the modeling framework, we consider a simple Ar plasma (with a
simple reaction set to reduce the computational cost) and solve the
problem in CCP (RIE) mode as the latter defines the ion energy and
angular direction on the substrate. A set of operating conditions was used,
but for the results presented herein, the conditions (pressure and self-bias
voltage) are close to those of the experiments. A 3D representation of a
custom-made plasma reactor®® used in the calculations (and in the
experiments) is shown schematically in Figure 1. On the electrode, which
was connected to an RF generator, a circular quartz pane (gray region) was
placed. The upper part of the reactor also consisted of quartz. The
non-quartz surfaces in contact with the plasma region were metallic
grounded walls.

The computational domain for the modeling framework was a 2D slice
of the axisymmetric reactor shown in Figure 1. The horizontally
(perpendicularly) placed sample had a length of 20 mm and a thickness
of 2mm (4 mm). The reactor pressure was 5.2 mTorr, the gas mixture
temperature was considered at 300K, and the applied RF power
(13.56 MHz) at a value to produce a self-bias voltage of —210V for a
capacitively coupled discharge, that is, the reactor operates in RIE mode.
The numerical solution is made with COMSOL through a time periodic
solver to reduce the very high computational cost of transient problem
with time periodic boundary conditions (period ~74 ns). More details
on the model and the solution method are included in the SI.

Materials and Fabrication: The modeling transparent PMMA plates
(2 and 4 mm thick) were purchased from IRPEN (Spain), and COP
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disks were purchased from ChipShop (Zeonex, 2 mm thick) and used
as substrates. Isopropyl alcohol (IPA) of molecular biology grade was pur-
chased from Sigma-Aldrich. Deionized water (DI) was used throughout
this study.

Polymeric samples were cut into dimensions of 20x 10 mm
and cleaned with IPA and DI water. Then, they were placed perpendicularly
or horizontally inside the custom-made plasma reactor (at a radial
distance of 80 mm from the reactor center so that many samples are
etched simultaneously) and were oxygen plasma micro-nanotextured.
The experimental plasma processing conditions are used as follows:
100sccm O, for a pressure of 5.2mTorr, and two plasma
modes; 600 W source power, 300W electrode power (—210V bias
voltage), for ICP mode and 0W source power, 300 W electrode power
(—210V bias voltage), for RIE mode and for various process times.

Metrological Analysis of SEM Images: SEM was conducted with a JEOL/
JSM 7401F Field Emission SEM or a ThermoFischer Scientific X/APREO 2S
Field Emission SEM for the characterization of the etched polymeric
samples that were sputtered coated with 10 nm Pt prior to SEM measure-
ments. Top-down and tilted SEM images were used in a systematic
computational analysis in order to characterize the impact of the material
and processing conditions on surface morphology. Among the available
image magnifications for each surface area, images of magnification
%x20000 were used due to their sufficient statistical information and
resolution. At least three images for each perpendicularly placed
(on the plasma reactor electrode) substrate and at three distances
along the z-axis were analyzed (at zx=0, z=3 and zx10mm) to
determine the mean value and standard deviation of each metric. The
obtained SEM images were also deionized using a median filter with
window size 3 pixels. Metrological analysis was conducted to top-down
SEM images to calculate the proper metrics for the characterization
of surface topographies. It comprises two steps: First, we calculated a
properly designed anisotropy index A,ns based on Fourier Transform
analysis in order to identify the surface topography case, isotropy versus
anisotropy (see Equation (1) in main text). Anisotropy index close to 0
indicates a surface that is isotropic, whereas when A, approaches T,
it reveals strong anisotropic morphologies. In case that A,,;s is found close
to 1, the surface morphology is dominated by ripples forming a periodic-
like (i.e., quasi-periodic or disordered) grating. Thus, the second step is to
focus on the metrological characterization of the quasi-periodic patterns.
The formation of a quasi-periodic pattern is reflected on the 1D Fourier
transform calculated from the profiles perpendicular to ripple direction in
top-down SEM images. The presence of a well-defined peak reveals the
pattern periodicity, while the inverse of the peak frequency provides an
estimation of the apparent period (mean spacing) of ripples. Also,
the 1D FT can be used for the estimation of the degree of quasi-periodicity
(i.e., grating disorder) through the calculation of the normalized
full-width half-maximum of the prominent peak. This delivers the value
of the t-disorder parameter  quantifying the deviation of the pattern from
perfect periodicity. A more complete account of the methodology for the
characterization of surface morphology is reported in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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