
HAL Id: hal-03367740
https://hal.science/hal-03367740v1

Submitted on 6 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Plasma texturing of polymers
Jean-François Coulon, Dominique Debarnot, Fabienne Poncin-Epaillard

To cite this version:
Jean-François Coulon, Dominique Debarnot, Fabienne Poncin-Epaillard. Plasma texturing of poly-
mers. N. S. Baneesh, P. S. Sari, Tatana Vackova, Sabu Thomas. Plasma Modification of Polyolefins,
Engineering Materials: Synthesis, Characterization and Applications, Springer, pp.91-119, 2022, En-
gineering Materials (ENG.MAT.), 978-3-030-52263-6. �10.1007/978-3-030-52264-3_4�. �hal-03367740�

https://hal.science/hal-03367740v1
https://hal.archives-ouvertes.fr


1 
 

 

 

Plasma texturing of polymers 

 

 

 

Jean-François Coulon1,2), Dominique Debarnot2), Fabienne Poncin-Epaillard2) 

1) Ecam Rennes - Louis de Broglie, Campus de Ker Lann, CS 29 128, 35091 Rennes 

Cedex 09, France 

2) Le Mans Université – CNRS n°6283, Institut des Molécules et Matériaux du Mans - 

Département Polymères, Colloïdes et Interfaces, Avenue Olivier Messiaen, 72085 Le 

Mans, France 
 

 

 

Table of contents 

Abstract ..................................................................................................................................... 2 

Introduction .............................................................................................................................. 2 

1. One-step top-down plasma texturing ................................................................................. 3 

1.1 Control of the texture thanks to the plasma properties ........................................................... 3 

1.2 Control of the texture thanks to the polymer properties ......................................................... 9 

2. One-step bottom-up plasma texturing .............................................................................. 13 

3. Plasma texturing combined with other methods ............................................................. 15 

3.1 Plasma texturing combined with laser irradiation ................................................................. 15 

3.2 Other combined routes of texturing ........................................................................................ 15 

4. Applications of plasma-texturing of polymers ................................................................. 17 

4.1 Application of plasma-texturing of polymers for the optic and electronic fields ................ 18 

4.2 Application of plasma-texturing of polymers for the sensor field ......................................... 19 

4.3 Application of plasma-texturing of polymers for the biomedical field ................................. 21 

4.4 Application of plasma-texturing of polymers for the metal adhesion .................................. 23 

Conclusion ............................................................................................................................... 26 

5. References ........................................................................................................................... 26 

 
  



2 
 

Abstract 

 

This review explores the different processes usually applied in the field of nanotechnology for 

texturing polymeric materials. These technics mostly focused on dry and eco-friendly routes allow to 

create a multitude of patterns on the polymer surfaces bringing to the material specific and unique 

properties. Among these technics, plasma chemistry explored alone or combined with lased, beam, 

sputtering technologies… appears to be well adapted to thermosensitive materials for the preparation 

of original textured surfaces close to biomimetic surfaces as an example. This overview focuses as well 

as on the fundamental aspect of the texture creation than to its application in various industrial 

domains. 

 

Introduction  

 

Nanoscience and nanotechnology related to microelectronics, have brought about 

considerable new applications in the field of materials. Indeed, the change of scale passing from 

the micrometer to the nanometer has strong consequences on the final properties of a material 

widening the industrial fields and it could even open up new sectors of applications. These 

materials with enhanced properties are mostly based on the duplication of a pattern on double 

or multiple scales. This concept is originated from the observation of nature and more generally 

on biomimetism. Indeed, the nature offers many examples combining adapted surface 

chemistry and repeating pattern which give rise to remarkable properties like the water drop 

repelling, the ability to change the light reflecting or some extraordinary hooks on vertical or 

movable surfaces. The development of nanotechnology has made it possible to replicate the 

patterns observed in nature, hence texturing is the process which let us obtain a regular pattern 

on a surface. 

Among the procedures deployed for texturing, two main routes are described. The first 

known as top-down for which the localized removal of material makes it possible to provide 

the pattern while the second known as bottom-up provides a textured material according to a 

precise topographic diagram.  

 

 



3 
 

Scheme 1: Top-down and bottom-up routes 

 

The surface chemistry can also contribute and can be simultaneous with this texturing 

step. Few processes allow both mechanisms and most of them require two or more steps to 

introduce expected texture and chemistry; some preparations also include the use of masks. An 

exception is focused on plasma technologies. In this chapter, we will describe how we can 

texture a polymer surface during its functionalization in one or two steps thanks to the plasma 

chemistry. 

 

1. One-step top-down plasma texturing  

 

Micro, nano, double scale-texturing of polymers offers the possibility to drive important 

surface properties such as wettability, (bio)adhesion or anti-(bio)adhesion applied in various 

domains such as medical devices, biology, metalization, optics and electronics. In recent years, 

plasma-induced self-assembly of polymer nanostructures without any mask has emerged as a 

simple, scalable and rapid etching technique to pattern micro and nanostructures. This 

elaboration of polymer nanofiber arrays is correlated to plasma etching and the nanostructures 

are dependent on both plasma parameters and polymer characteristics. The general statement 

concerning the nanofeatures growth claims that the selectivity in etching is due to the difference 

of the density through the material, intrinsic for a given material. 

 

1.1 Control of the texture thanks to the plasma properties 

 

The plasma parameters act upon the reactive species nature, their relative concentration 

in the plasma and upon the associated energy deposited on the surface which has to be modified. 

Basically, the efficient plasma parameters are the gas pressure, the gas flow rate and the 

chemistry of the input gas composition as well as the power, the duration and the frequency of 

the discharge. The literature reports on almost all types of polymers (PC, PMMA, PET, PEEK, 

PS, silicone, elastomers …) which have been plasma-modified to present textured surface when 

subjected to different plasma phases (mainly O2, CF4, Ar and their mixtures….) [1-19]. The 

subsequent pattern is depending on plasma parameters. As an example, the higher the energy 

of the plasma is (like the duration or the power of the discharge), the more numerous and deeper 

the surface features are. Indeed, the PET when directly treated by an oxygen plasma shows a 

nano-fibrillar pattern [2] which density depends on the duration and on the discharge power. 

Without requiring masks, this route induces a similar surface topography than that one obtained 
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with a filter in a two-step method, i.e. an optical lithography step followed by a plasma etching 

or a plasma deposition step [4]. The SEM pictures (Fig. 1) show that the density and the 

dimensions of the nanofibers increase with hard plasma conditions as the power. However, if 

the plasma parameters are too drastic (here 200 W), the fibers collapse. Such a behavior is 

significant of the fiber growth mechanism corresponding to local melting of polymeric chains, 

crystallization and aggregation of oxidized PET oligomers. These oxidized oligomers are 

repulsed by the untreated sub-layer chains because of their more hydrophilic character. The 

hydrophilic character can be prevented if such a surface is then plasma-fluorinated to get- 

depending on the plasma parameters- the true Cassie-Baxter surface (H2O =  157 ± 2 °, H = 

1.6  0.6°, mean distance between two features ≈ 70 nm) or the sticky superhydrophobic surface 

(H2O =  156 ± 5°, H = 65  4°, mean distance between two features ≈ 145 nm) as also noticed 

in [20]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Dependence of the texturing of PET on O2 plasma parameters [2] 

(P = 70 W, p = 0.02 torr, t = 15 min, FO2 = 15 sccm (a), 50 sccm (b); P = 100 W, p = 0.02 torr, t = 15 min, FO2 = 

50 sccm (c); FO2 = 50 sccm, p = 0.08 torr, t = 15 min, P = 100 W (d), 200 W (e) 
 

 

Similar etching plasma phases fed with CF4/O2 mixtures [7] allow to achieve 

superhydrophobic and slippery surfaces whose morphology and distribution are plasma-

dependent. The denser the plasma phase is, the higher the nanofeatures height is. However, 

their density is decreasing leading to a progressive reduction of the Cassie-Baxter character.  

The fluorinated polymers also lead to patterned surfaces in specific plasma conditions, whose 

micro and nano-features exhibit a pyramidal shape with a well-finished spherule on the apex 

[15]. At lower RF power and process time, only pyramids can be observed. Their creation was 

d) 

c) a)
 

b)
 
 

  

e) 
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explained by the deposition onto the surface of a cluster of metal sputtered from the electrodes, 

building up a nano-mask followed by an aggregation (filaments, oblate forms, bead shapes) of 

the polymeric species and the metal atoms (Fig. 2).  

 

 

 

 

 

 

Fig. 2. Plasma-etched PTFE (O2 plasma (a): t = 30 min, P = 300 W; (b) tilted of 45°, magnification 10000x, t = 

30 min, P = 200 W) [15] 

 

If the duration and the power of the plasma discharge increase, the surface temperature 

can be locally high enough to soften the matter and to reorganize the surface structure. However, 

the obtained surface topography is very close to that one obtained by a simple thermal annealing 

of PTFE. Such surface topography alteration has to be interpreted rather as a low effect of self-

masking from the incorporated metallic cluster than as a crystallite growth and a stress 

relaxation of the PFTE [21] (Fig. 3). In the case of the thermal annealing of PTFE, the annealing 

time above the melting temperature (Tm) and the cooling time between Tm and the glass 

transition (Tg) could both govern the creation of two types of texturation leading to a super-

hydrophobic state. 

        

Fig. 3. Thermal texturing of PTFE with two patterns d) wart creation depending on the annealing time at 350°C 

f) dendrite creation depending on the cooling time between Tm and Tg [21] 

 

To summarize, depending on the plasma parameters mostly the power and the duration 

of the discharge, the pattern of various polymers (thermoplastic, thermoset, elastomer, 

polysiloxane) can tune the hierarchical surface topography at different scales (µm, nm and both 

of them). However, the measured roughness is usually described as a mean value that is much 

too restrictive in order to provide the understanding of the subsequent specific surface behavior 

(either superhydrophobic or superhydrophilic). In order to separate out the roughness double 
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scale, Fast Fourier Transform filtering analysis based on scaling theory was performed on AFM 

images of CF4 plasma-textured polybutadiene [22]. Using this approach, the micro and nano 

roughness were respectively determined and their summation matches well with the average 

roughness value usually determined for such a double-scale surface. Besides, as expected, 

although all three morphologies are hydrophobic, only the double-scale composite surface 

displays a low contact-angle hysteresis thus making it superhydrophobic surface. 

The double-scale pattern was not observed for PDMS whatever the plasma conditions. 

Indeed, the regular double-scale pattern is replaced by a wrinkling design with a high nano-

scale amplitude and with a periodicity of about 100 nm [1]. Increasing the plasma treatment 

duration, the roughness increases while the periodicity decreases until reaching a plateau, 

resulting in an enhanced surface area. Such behavior was interpreted as a consequence of the 

thin silica-like layer creation at the PDMS top surface and its strain due to simultaneous ion-

enhanced etching, oxidation during O2 plasma treatment (Fig. 4).  

 

Fig. 4. AFM images of PDMS treated in a RIE O2 plasma for (a) 30 s, (b) 60 s, (c) 420 s and (d) 600 s. 

Roughness (rms) and periodicity () values for each surface are as follows: (a) rms = 23 nm,  = 579 nm, (b) rms 

= 46 nm,  = 338 nm, (c) rms = 37 nm,  = 366 nm, (d) rms = 28 nm,  = 461, 331, 149, 133 nm. [1] 

 

The plasma gas composition is well known to produce a large variety of interactions in 

the gas phase and at the interface of any solid material. Depending on the chemical nature of 
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the gas phase, these reactions are classified as chemical or physical ones. At a first glance, the 

former generates new functional groups at the material surface while the latter leads to higher 

energy brought to the surface. This higher energy can lead to sputtering processes which may 

induce the texturation. One would assume that the texturing of polymeric surface requires only 

physical interactions, and therefore neutral gases such as argon could be sufficient. However, 

the appearance of a pattern is not only synonymous of ablated matter. As well as the physical 

interactions between plasma and surface can also lead to surface chemical modifications, the 

chemical interactions between plasma and surface can give birth to topographical modifications 

too. Thus, the achieved pattern in the case of polymers could also proceed via aggregation, 

rearrangement, chain reptation or functional groups turn over. These polymer chemistry 

phenomena are enhanced by the chemical affinity and, therefore reactive plasmas can also 

produce patterns on polymeric surfaces [1,3,20,23-27]. Furthermore, whatever the plasma 

chemical composition (O2 or Ar), the same trend for the roughness and for the periodicity of 

the texture for a plasma-treated PDMS surface is observed [3].  The only difference is noticed 

with a maximum value which occurs at 2 min for Ar treatment against 7 min for O2 plasma [1]. 

This result may be surprising since both plasma phases have different chemistry; the Ar plasma 

mostly induces sputtering while the latter one mostly produces the oxidation. This may suggest 

that the PDMS surface properties are prevalent rather than the plasma properties. In an opposite 

manner, if O2 and CF4 plasma phases strongly induce a chemical process, it appears that on PC, 

the CF4-to-O2 feed ratio significantly alters the shape and the distribution of the generated 

structures. O2 plasma leads to taller structures with wire-like aspect and more homogeneous 

distribution. The duration as observed previously alters mainly the dimension [23]. Besides the 

competitive reactions of surface functionalization and degradation, the interactions between 

plasma species and polymeric surface induce cross-linking reactions in inert atmosphere such 

as Ar or He with a subsequent mechanical stress appearing between cross-linked surface and 

the bulk matrix. And if after the long Ar plasma treatment (30 min), the polymeric film is kept 

under high pressure and temperature, that causes the creation of multiscale hierarchical wrinkles 

with nano-textured features [26] (Fig. 5.). 

 



8 
 

 

Fig. 5. SEM pictures of shrunk Ar plasma-treated polyethylene/polypropylene blend (c: blank; F: 1 min, I: 30 

min, L: 60 min) [26] 

 

 The sputtering reaction can be emphasized by applying a bias voltage onto the substrate 

during the plasma exposure, whatever the excitation mode and the other plasma parameters. 

Such an experimental procedure significantly induces an anisotropic ion flux towards the 

surface to be treated [24,25]. Without any external bias applied to the substrate, the texturation 

pattern does not appear on the plasma treated PEEK surfaces [24] or is less pronounced in the 

case of fluorinated poly(ethylene propylene) (FEP) showing rounded peaks, synonymous with 

few degradation and texturation [25]. When a bias voltage is applied, the surface texture is 

observed in both cases and can be reinforced by adding reactive gases such dioxygen or even 

dinitrogen (Fig. 6). Furthermore, fluorinated polymer shows sharp features leading to a Cassie-

Baxter surface (high WCA and high CA hysteris) while the rounded form belongs to the wenzel 

type surface if we consider only the classical root mean square average RMS [2]. 

 

 

 

 

 

 

 

 

 

Fig. 6. SEM pictures of plasma-treated PEEK with a bias voltage of - 200 V. 

(Ar/O2 P = 1500 W, t = 15 min, F = 10 sccm) [24] 

 

Atomic force microscopy reveals the dimensions of these features (Fig. 7). With pure 

Ar plasma, the topography of the surface is governed by surface ripples which provide regular 

lines spaced by one or two hundred nanometers and up to 100 nanometers height. This kind of 

texturing is assumed to be mainly due to a thermal macroscopic rearrangement of the surface 
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following the high ion energy impacting the surface. In such plasma conditions, one has to take 

care not to extand too much the bias to avoid the surface degradation of the polymer. With pure 

dioxygen, an isotropic pattern is thereby well defined and composed of homogenous but quite 

separated features of about tens of nanometer height. This texturation is correlated to different 

etching mechanisms of the polymer due to its difference in crystallinity. 

  

a) 

 

 

 

 

Height: 81.6 ± 1.5 nm 

Width : 171.7 ± 3.9 nm 

b) 

 

 

 

 

 

 

Fig. 7. AFM images and profiles for a) pure Ar and b) pure O2 plasma-treated PEEK -Bias voltage of - 100 V 

[28] 

 

1.2 Control of the texture thanks to the polymer properties 

 

The first property of a polymer to be textured is its own topography. The interaction 

between incoming reactive plasma species and the polymer is related to the incident angle of 

the species. Their deepest penetration occurs when the species fluxes are normal to the polymer 

surface but the presence of protusion and the roughness of the surface may alter their own path 

and the further etching of the polymer. Du K. et al. [27] gave an illustration on the impact of 

the roughness of the substrate on the deviation of species fluxes and the subsequent pattern 

100% Ar 

t = 30 min, P = 1500 W, U = -100 V 

100% O2 

t = 15 min, P = 1500 W, U = -100 V 

Height: 26.0 ± 1.0 nm 

Width: 68.2 ± 1.5 nm 
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growth. Different impact locations of the ions on the surface are distinguished: ionic impact on 

a flat area, on the top of the protusion, both with a normal incidence, or on the sidewall of the 

protusion. The two former ions have penetration length longer than that of the latter one. Such 

a scheme could explain the formation of the observed nanowires. 

Another possibility of selectivity due to the polymer itself arises from polymer 

impurities or metal deposition on the surface. Polymeric materials are never pure compounds 

and depending on their further application different charges, either inorganic or organic are 

added to the polymeric matrix. In addition, depending on the plasma chamber design and on 

the excitation mode of the plasma, some metallic particles from the chamber walls or electrodes 

can be ejected and randomly included in the polymer matrix. Finally, the polymer substrate 

contains metallic and hard particles that modify the etch rate and the substrate pattern [10-

13,15,18,19,29]. Indeed, during the O2 plasma treatment of PMMA [12], nanoparticles such as 

antimony, aluminum, fluorine, sodium, potassium, silicon … are self-generated and act as etch 

masks to form vertically aligned nanowires. It must be pointed out that with such a process, no 

control of the particle deposition is achieved. Furthermore, if a composite material is plasma-

treated as for example carbon nanotubes/polydimethylsiloxane [29] its surface becomes 

patterned, rough and superhydrophobic. Such a behavior can be interpreted as a selective 

etching of PDMS that reveals the hydrophobic carbon fiber. 

Polymers are heterogeneous materials not only on the chemical aspect but also on the 

structural property, since most of them are semicrystalline polymers. In the case of PET, the 

crystalline matrix when plasma-treated leads to a pattern whose decorative motives are sharper, 

like nanopillars, nanofibers [2] (Fig. 8). 

 

 

 

 

 

Fig. 8. Dependence of the textured plasma-treated PET on its crystallinity [2] 

 

The crystalline domains have higher density and thus are etched with a lower rate than 

amorphous ones. The type of crystallites and its proportion should influence the polymer 

patterning as shown in the literature [2,30,31]. For amorphous polymers, the selectivity is 

achieved by the creation of surface crystallites through chain motion, nucleation or germination 

upon exposure to the plasma [2,7,9]. Differential scanning calorimetry (DSC) measurements of 

Crystalline PET        Amorphous PET 
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pristine and plasma treated samples have confirmed the aforementioned predictions, through 

the presence of crystallinity in amorphous polymers after being exposed to the plasma. 

In the case of PEEK, its crystallinity rate could directly impact its ability to be textured. 

Indeed, the total surface / etched surface ratio is the crystallinity rate as measured by DSC and 

FTIR [32]. The amorphous parts of the PEEK polymer are etched before the crystalline ones 

leading to those features producing the global texturation (Fig. 9). Therefore, the texturing 

efficiency could need to take care of- or at least to have the knowledge of the surface 

crystallinity rate. One can argue that the process used to produce the samples may then have a 

great importance towards the crystallinity rate of the surface and thus towards its ability to be 

textured the right way depending on the application. If the surface temperature can exceed the 

glass transition during the plasma treatment, the atomic structure of the polymer may rearrange 

and its crystallinity rate can increase. This is particularly possible with an atmospheric plasma 

torch which supplies a higher temperature on the surface during treatment. In the case of an 

amorphous specimen, if processed with a high speed of cooling, the plasma treatment may 

produce a reorganization of the surface leading to a re-crystallization, and this has been 

observed up to several hundred micrometers deep under the surface. At the opposite, the 

polymeric crystallinity rate is not altered by the plasma torch when the pristine material is 

already at its maximum crystallinity rate which is about 38% for the PEEK. 

 
a)         b)  

 

Fig. 9. Texturing PEEK by the selective etching of its amorphous parts in 100% O2 plasma and with a bias voltage 

of -200V a) SEM image b) AFM - Dark areas ≈ 70% of the total area were assigned to the amorphous phases- 

White upper areas ≈ 30 % were assigned to the crystalline parts [32]. 

 

Polymers are stretchable materials, therefore the patterning process is also studied when 

polymers are stretched, specifically the PDMS, since this polymer induces a different pattern, 

a wrinkling one. The purpose of such experiment is associated to the incorporation of a 

nanoscale roughness on the wrinkle walls during the strain and then, after the strain has released 
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this nano-scale feature is hidden, and finally a mechanical-responsive material is prepared [33-

35]. The morphology of wrinkle patterns, specifically their wavelength and amplitude is 

controlled by the strain release after the O2 plasma step. This can be repeated several times in 

order to obtain different sizes of wrinkle patterns with a wavelength in the range of 50 nm to 

10 µm and an amplitude in the range of 20 - 400 nm (Fig. 10) [33]. 

 

Fig. 10. PDMS multi-step plasma treatment for the creation of hierarchical wrinkles. (A) Schematics of the 

experiment. (B) AFM images of hierarchical wrinkle patterns created by a two-step plasma treatment [33]. 

 

All the methods described above concern plasma etching of industrial bulk polymers, 

while only few applications to plasma-deposited films were found [36]. The issue with plasma 

polymers is the absence of linear chains which makes them difficult to form crystalline 

domains. Thus, no selectivity of degradation is possible due to crystallization. Plasma-

polyaniline films treated by argon plasma show nanostructured surfaces whose density and 

dimensions depend on the operating conditions. The creation of the nanodots is mainly ion-

dependent according to the ion energy and the ion flux. In addition, when the substrate is 

polarized, sputtering effects become important such that sputtering and ion-induced diffusion 

become competitive mechanisms. It is interesting to note that some of these parameters do not 

have the same influence on thin film than on bulk polymers [36]. For example, for conventional 

polymers, the rise of processing time and of discharge power leads to increase the height of 

nanofibers and therefore of the surface texturation. This observation suggests that the creation 

of the grains on plasma-polymer surface does not have the same origin as on bulk polymer.  
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2. One-step bottom-up plasma texturing  

 

Over several decades, plasma polymerization of a wide range of compounds has been 

fully recognized as an important process for the formation of new thin layers deposited on most 

substrates, using a simple one-step procedure. The possibility of obtaining different 

morphologies of plasma polymers prepared without templates, at atmospheric pressure or at 

low pressure, in a continuous or pulsed mode has been studied for only few years [7,30,31,37-

39]. The most relevant works describe either the creation of nanoribbons, nanowires whose size 

is comprised between 15 - 20 nm [7,30,37] or nanodots, nanopillars [31,38,39]. Despite the 

consequent enhanced properties due to the patterning, these structures are not entirely normally 

aligned to the surface as observed with the top-down process.  

However, Zaitsev et al. [38,39] demonstrate how to obtain well-defined one-

dimensional polymer structures while preserving the monomer chemical structure. The process 

(two-step or three-step process) is based on the gradual decrease of the discharge power during 

the deposition. A high power is first applied during a short time in order to form polymer nuclei 

followed by a low power step for a long time allowing the obtention of a well-ordered polymer 

structure. Fig. 11 illustrates the chemical structure and the morphology of the obtained plasma 

polymer using aniline as monomer. The polymerization of aniline at 300 W during 1 min leads 

to a textured surface (Fig. 11 a) but without retention of the monomer structure (Fig. 11 c, 300 

W). On the contrary, the low power (60 W) aniline polymerization gives a smooth surface with 

a low monomer fragmentation (Fig. 11 c, 60 W). By combining these conditions in a two-step 

process, plasma polyaniline presents a textured surface (Fig. 11 b) with retention of the aniline 

structure (Fig. 11 c, middle spectrum).  

(a) 
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(b) 

 

(c) 

Fig. 11. Plasma polyaniline prepared in different conditions. (a, b) AFM images. (c) FTIR spectra [38]. 

 

This polymer structuring can be associated with the partial dewetting of plasma polymer 

chains as already observed with other coatings techniques (spin-coating, annealing of thin 

layers…) [40]. This dewetting namely the diffusion of reactive species on the substrate surface 

strongly depends on the temperature of this surface which is time and power dependent. Fig. 

12 presents the dependence of the polymer roughness on the surface temperature. This figure 

shows that the dewetting occurs within a range of surface temperature comprised between 40 

and 50°C. In this range of temperature, the film roughness drastically increases and nanodots 

appear while below this temperature range, the plasma polymer is rather smooth. 
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Fig. 12. Dependence of plasma polyaniline roughness Rq on surface temperature Ts [38]. 

 

Above this range, the temperature is too high and leads to a liquid-like state of the film. 

In this state, the film is unable to form any nanostructures and thus a smooth uniform film is 

obtained. Such operating conditions thus degrade chemical structure of both precursor and 

growing polymer and a multi-step process including low discharge power can be applied if the 

chemical structure of the precursor must be preserved [39]. 
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Similar structures have been obtained with fluorinated plasma-polymers [7,37,41]. All 

single step methods combine the fluorinated chemistry with a textured surface whose elemental 

pattern deals with micrometer-long ribbon-shaped nanostructures rather than nanopillars under 

pulsed fluorinated plasmas. The ribbon-like structure is achieved at low duty cycle, long 

modulation period and duration [37]. The proposed growth mechanism deals with successive 

steps as the creation of nucleation centers, the nucleus alignment into a spiral mimic, the 

attachment of further spheric nuclei, and termination with further nucleation sites on the ribbon 

surface.  

 

3. Plasma texturing combined with other methods 

 

3.1 Plasma texturing combined with laser irradiation 

 

Laser texturing followed by plasma modification or deposition offers the possibility of 

synthesis of hierarchically patterned surface with locally heterogeneous properties [24,42,43]. 

While the plasma treatment leads to nanotopography, the laser treatment induces 

microstructures over the polymeric surface as observed with laser-irradiated and plasma-

oxidized PEEK. The laser treatment leads, through a thermal or a photodegradation mechanism 

according to the wavelength of the laser beam, to the microstructuring ablation from the surface. 

The formed dot arrays separated by the interspacing of several hundred interspacing in two axes 

are in the shape of microcraters with a diameter around 20 µm and depths around 600 nm. After 

the plasma treatment, the polymeric surface bears 1D nanostructures with a diameter around 30 

- 40 nm and a length of few micrometers (Fig. 13. [42]). This dual treatment leads to a unique 

topography composed of both nanofibrous surface structures and microcraters. 

 

Fig. 13. SEM images of prepared surfaces: a non-treated, b plasma-treated, c laser-treated, and d plasma and 

laser-treated [42] 

 

3.2 Other combined routes of texturing 
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Most of the combined techniques coming from the microelectronic background are 

dealing with the plasma treatment of polymeric films in the presence of masks or templates that 

induce the creation of the first level of the required roughness scale [34,44-46]. This review is 

not focused on this route. However such a process allows to prepare onto strained PDMS 

singular surfaces pattern, hierarchically wrinkled one with the well-defined wavelength / 

amplitude, organization, orientation, but also location as described in [34]. Indeed, the strained 

areas in contact to O2 plasma form a hard zone because of the SiO2-like layer growth while the 

unexposed areas remain soft zones with different mechanical behaviors after the strain releases. 

Plasma deposition in presence of nanoparticles injected alone or included in an aerosol 

droplet in the plasma phase sometimes so-called atomized spray plasma deposition create 

hierarchical hybrid plasma polymer [45,47-49]. The plasma deposition of the organic precursor 

onto these nanoparticles suspended in gas phase allows to prepare textured hydrocarbon surface 

when the plasma-coated particles precipitate onto a substrate. Thus, if the initial particles have 

different sizes, the final surface shows a dual-scale roughness that achieves for example the 

superhydrophobic, surperhydrophilic property. The increase of the plasma parameters 

(duration, concentration of aerosol droplets) has a significant effect on the chemical and 

morphological structure of the thin films which ultimately leads to superhydrophobic with low 

contact angle hysteresis due to the hierarchical multiscale roughness of the coating. This 

approach brings a major advantage to coat any substrate materials including polymers or metals, 

which enlarges the possible range of applications of this process. 

In order to produce smart materials for wide applications such as in biomimetics, 

hierarchical structures can also be prepared by combining the micro-imprint technique followed 

by plasma etching [50-52]. Two scales of roughness are obtained, the first one at the microscale 

thanks to the molding of photocured polymers or blends so-called negative stamps and then, 

the embossed film is simply exposed to an oxygen plasma to produce the hierarchical structure 

(Fig. 14.). A plasma-deposit could also induce the final structure. 

 

Fig. 14. Route of synthesis of hierarchical structure from imprint and plasma etching [50] 



17 
 

 

Some examples of the colloidal lithography including the spin coating of PS 

nanoparticles on both silicon or polymeric substrates are illustrated in [46,53,54]. With this 

two-step process, the atmospheric plasma treatment induces not only the “cauliflower-like” 

nanotexturing of the PS spheres but also the etching of the underlying polymer (Fig. 15). After 

etching/nanotexturing, Ellinas K. et al. [54] gave evidences of a hierarchical triple-scale 

roughness with microscale ordered columns, and dual-scale (hundred nano/ten nanometers) 

nanoscale texture on the particles (top of the column) and on the etched PMMA surface. 

The colloidal lithography has the major disadvantages that the scale of the first 

roughness depends on the colloid size, on the chemical nature of the commercial product and 

further on its availability that limits its application. The so-called breath-figure technique leads 

to well-organized structures bearing micropores obtained via the condensation of water vapor 

onto the surface of the evaporating polymeric solution. The structure and the morphology of 

the produced film are controlled by several factors such as temperature and relative humidity 

as well as chemical nature, concentration, viscosity, density, surface-free energy, and solubility 

parameters of the casting solution and therefore; a large variety of micropatterns of many types 

of polymeric materials are successfully synthesized [55]. Then, the double scale of roughness 

is achieved by plasma etching or deposition.  

 

Fig. 15. SEM images of colloidal PS nanoparticles coated on PMMA and etched with atmospheric pressure 

He/O2 plasma: (a) untreated surface (d=1 μm), (b) plasma treated surface for 8 min, (c) plasma treated surface 

for 8 min (tilted surface), (d) plasma treated surface for 8 min (tilted surface at higher magnification) [46] 

 

4. Applications of plasma-texturing of polymers 
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If the hierarchical textured surfaces whatever the chosen preparation route are also 

chemically functionalized, the material properties will be extended from superhydrophilic to 

superhydrophobic character including both Cassie-Baxter and Wenzel types depending on the 

pattern and the functional groups. Such singular behavior that can be summarized as the resulted 

effect of an increased specific surface area with a more concentrated chemical group; such 

behavior was explored for various application domains such as optics [2,23,25,43,53,56], 

electronics [45,57], sensors [3, 58-60], medical devices [2,41,61-68] and metal - polymer 

assemblies [24,42,44,69-74]. 

 

4.1 Application of plasma-texturing of polymers for the optic and electronic fields 

 

Depending on its scale, the geometrical pattern of textured material induces broadband 

anti-reflective properties compared to that of plane and smooth surface. Antireflective material 

was prepared from nanotextured PC [2,23] since the reflectance of normal incident light was 

reduced if the nanofeatures are not able to collapse, i.e are not too tall meaning that the plasma-

treatment duration is too short. A regular pattern obtained from fluorinated plasma-treatment of 

polycarbonate glazing commonly used in automotive application, improves its anti-reflective 

property by simulating the so-called “moth eye” effect. The reflectance / transmittance 

measurements showed that this approach is able to increase the anti-reflective property of the 

polycarbonate without drastically damaging its transmittance [56]. The plasma patterning in 

conjunction with colloidal lithography on PS has attracted considerable attention in recent years 

as a means to reduce Fresnel reflection in photovoltaic solar cell materials. The resulting 

paraboloidal hierarchical structures suppress average reflectance to below 0.5 % across a 

spectral range of 500 - 1000 nm [53]. 

Besides the direct optical behavior of patterned surfaces, the combination of both 

extreme wetting states to micro, nanopatterns opens up interesting applications, as the example 

of the fog-collecting [43], antifogging and antiicing properties [25] of materials applied in optic 

domains. Microfluidic channels were manufactured thanks to a three-step fabrication [43]. In 

the first step, a double-hierarchical superhydrophilic surface structure was generated on glass 

using femtosecond laser. In the second step, a superhydrophobic fluorinated plasma polymer 

was deposited. In the last step, the coating was selectively removed by laser ablation to uncover 

superhydrophilic spots. The fog-collection efficiency is due to the combination of water 

attraction and water repellency: the superhydrophilic areas act as drop accumulation zones, 

whereas the surrounding superhydrophobic regions allow a fast water transportation. The 
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patterned superhydrophobic surfaces are water repellent and therefore could act as anti-icing or 

de-icing surfaces [25]. However, it appears that a strictly repetitive pattern is required for 

increasing the freezing delay time, even if depending on the polymer structure and on the 

plasma chemistry, sharp or rounded features are prepared. Therefore, the combined technique 

including nanoimprint allowing a more regular pattern increases the freezing delay time. 

The combination of template-assisted self-assembly of nanocrystals with plasma 

polymerization allows synthesis of nanocrystals with tailoring properties explored in electronic 

field [57]. Same methodology was also preconized for the preparation of mechanically stable 

silicon anodes [45]. 

 

4.2 Application of plasma-texturing of polymers for the sensor field 

 

Chemical sensors play a major role in various fields (medical diagnosis, environmental 

monitoring….). Improving the sensor characteristics specifically induces the detection of lower 

concentrations of the targeted molecules. To realize this goal, one of the proposed methods is 

focused on the increase of the specific surface area of the sensing layer. Indeed, these textured 

sensors were developed since their surface nanostructures, and associated roughness, lead to a 

larger surface contact and therefore to the improvement of sensor performances. As most of 

these sensors operate at ambient temperature, if the superhydrophobic character is added, their 

very low surface energy also avoids moisture adsorption while they are more attractive for 

organic molecules [3,58].  

Another example of texturing effect is given with plasma-polyaniline. Polyaniline is 

known to be sensitive to ammonia gas. The absorbance variation measurements (at  = 430 nm) 

can be used to characterize plasma-polyaniline under gas. Fig. 16 presents the evolution of 

absorbance of the polymer elaborated by the two-step process and submitted to 4618 ppm of 

ammonia. First, the absorbance of the layer is constant under air and then decreases in presence 

of ammonia until a plateau is reached. When ammonia flux is turned off, the regeneration of 

the polymer begins.  
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Fig. 16. The absorbance variation of plasma-polyaniline elaborated by the two-step process (t = 1 min, P = 240 

W, t = 26 min, P = 60 W) and submitted to 4618 ppm of ammonia [59]. 

 

In the two-step process bottom-up process (Cf. §2), the duration and the power of the 

first step have been varied in order to study the sensitivity of the obtained layers (Fig. 17) [60]. 

The power and the duration of the second step are kept constant at 60 W and 26 min 

respectively. The horizontal line in the figure represents the sensitivity of a smooth layer 

elaborated in one step at 60 W during 26 min, this sample is the reference. Fig. 17 shows the 

improvement of the gas sensitivity at the shortest first step duration regardless of the power 

compared to the smooth surface. Moreover, the sensitivity decreases with the rise of the power 

and the duration of the plasma. These results can be explained by the specific surface of the 

nanostructured film and by the chemical structure of the layer.  
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Fig. 17. Sensitivity to ammonia of plasma polyaniline layers elaborated at different powers (P = 240 W, 300 W, 

360 W or 420 W) and deposition duration (t = 1 min, 2 min or 3 min) of the first step [60]. 

 

The specific surface (Table 1) of all the layers elaborated by the multi-step process is 

higher than that of layers synthesized in one step at 60 W which is 1 m2/m2. The best 

sensitivity is obtained for layers elaborated at 240 W during 1 min for the first step. It appears 

that a small increase in the specific surface significantly improves the layer sensitivity to gas. 
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However, the specific surface increases with power whereas ammonia sensitivity decreases. 

Moreover, at a given power, the sensitivity decreases with the rise of the deposition time to 

become, in some cases, lower than that of the smooth layer. Therefore, the chemical structure 

of the plasma polymer also plays  an important role. The results prove that a dense layer is 

formed at high power or duration where the ammonia molecules can hardly diffuse, hence a 

decrease in sensitivity with the rise of input power or deposition duration. 

Table 1. Specific surface of plasma-polyaniline elaborated by the two-step process at different duration and 

powers of the first step 

 

First step power (W) 240 420 

First step time (min) 1 2 3 1 2 3 

Specific surface (m2/m2) 1.009 1.076 1.006 1.114 1.085 1.078 

 

4.3 Application of plasma-texturing of polymers for the biomedical field 

 

Recently, hierarchical surface patterns consisting of a mixture of micro- and nano-sized 

structures have been investigated in terms of their effect on bioadhesion of bacteria and proteins 

and on cellular responses [61-63,65-68]. Thus, such surface patterning has a great academic 

interest for studying the biofilm formation, the competitive adsorption of proteins on surfaces 

with heterogeneous wettability and clarifying the relationships between protein adsorption and 

cell orientation, spreading and migration. 

The superhydrophobic hierarchical surfaces were investigated for the purpose of anti-

adhesion of bacteria. However, their bio antifouling potentiality is still unclear. Indeed, Tarrade 

J. et al. [2] shows that whatever the surface morphology of virgin PET, plasma-fluorinated 

surfaces (smooth and hydrophobic, Wenzel or Cassie-Baxter superhydrophobic ones), their 

bacteria adhesion behavior is almost the same as compared to the untreated surface (Fig. 18). 

The only noticed difference is on the biofilm compacity, that formed on the two 

superhydrophobic PET is weaker than that of virgin and hydrophobic PET. These results were 

explained by mechanical anchoring of the bacteria if any pili can grow from the bacteria 

material as shown on SEM images (Fig. 19). 
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Fig. 18. Bacteria adhesion on different patterned PET surfaces [2] 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 19. SEM pictures of bacteria adhesion on different PET surfaces [2] 

 

Such results are contrary to those obtained with hierarchical CF4 plasma-treated PP 

which exhibits a 99.6% reduction of E. coli adhesion compared to untreated PP [64]. Such a 

different behavior could be interpreted as different bacterial behavior or a different surface 

pattern. The PP one appears to bear less nanostructures resulting in a higher air incorporation 

in the polymeric matrix. In addition, superhydrophilic surfaces in contact with water 

spontaneously form a water monolayer that acts as a weaker boundary layer for the 

biomolecules adhesion as observed with POE films. But same PP plasma-oxidized and textured 

in a same manner as the previous one [64] and thus completely wetted with water is more 

adhesive for bacteria. The additional nanostructuring reduces the surface anti-biofouling 

properties. 

Such hybrid patterns have been described being among those having the greatest 

influence on the proliferation and differentiation of cells. A heterogeneous polymeric surface 

with a regular pattern could be achieved with a partial plasma modification leading to an area 

whose hydrophilic or hydrophobic character is opposite to untreated zones [61]. But depending 

on the scale of the hierarchical roughness, the textured surface may not match ideally the 

nanostructure off cell adhesion complexes. Therefore, this requires the fine-tuning of 

nanoarchitecture of plasma layers for the biomolecule immobilization and cell adhesion [65] 

since the cell adhesion and growth vary in function of the roughness of coatings [41]. Patterning 

should have a broader definition extended to the microporosity. Indeed, when the microporosity 

1.5µm 
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1.2µm 
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comes from the electrospinning while the nanoroughness is obtained thanks to the plasma-

treatment of the polymeric fiber, such patterned microfibers enhance dramatically the oblast 

cell attachment [63]. 

 

4.4 Application of plasma-texturing of polymers for the metal adhesion 

 

For texturing, laser is a very well-known technology which gives rise to a well-defined 

and large-scale texture that can be applied to polymers in order to allow or improve the adhesion 

of metal coatings [70-75]. When PEEK surface was textured by an infrared 1026 nm radiation 

(224 femtosecond impulse), a pattern made of regular triangles with 60 micrometers side length 

induces one of the most efficient increase in adhesion for an aluminum or a copper thin film 

[74]. Such a laser etching can extend the practical adhesion strength of a metal onto a polymer 

greater than the best conditions found with an O2 ECR plasma. Obviously, those processes are 

not comparable in terms of surface mechanisms. The first one being mainly an anchoring 

mechanism (laser texturing) while the second one is assumed to be mainly a chemical 

mechanism (ECR plasma without extra bias voltage applied to the sample - called low-energy 

ECR plasma). These conditions of plasma texturing with a vacuum ECR plasma were already 

more effective in terms of adhesion than those provided with an air plasma torch which 

nevertheless enhanced the metal adhesion (Fig. 20). 

 

 

 

 

 

 

 

Fig. 20. Improvement of the adhesion of a metal thin film deposited on PEEK after the surface has been laser 

textured in comparison with plasma modified PEEK surfaces and with the untreated sample (left) and the 

features of the laser spot line and geometry which was selected (right) [75]. 

 

Currently, the laser ablation process leads to a two-scale alteration of the polymer (Fig 

21). Inside the etched trenches, a random and small-scale texture appears to be assigned to 
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polymer redeposits. These redeposits were considered sufficiently cohesive to the polymer bulk 

as they were not removed by the subsequent alcohol rinsing of the samples before metal 

deposition. These redeposit could significantly take part to the enhancement of the adhesion. 

By the way, the rupture of the interface when the metal-polymer assembly was mechanically 

tested is mainly cohesive. The rupture strength of the coating did not reach the value which is 

calculated if one considers the specific surface increase supplied by the triangles pattern 

creation. The polymer redeposits are thus assumed to limit the enhancement of the adhesion 

which could have been reached otherwise. 

a)        b)     c)   

Fig. 21. SEM images of femtosecond impulse laser-treated PEEK surface showing a) first scale and b) c) second 

scale of texturing [75] 

 

Even if Yu J. et al. [69] shows that the surface roughness significantly affects the 

performance of gecko mimetic adhesives, the dual modification (plasma and laser combined 

treatments) allows to enhance the Al adhesion [24,42].  

Indeed, the double scale roughness positively impact the mechanical anchoring of 

deposited metal layer. However, this assessment is only verified if the metallic layer is perfectly 

covers the undulating surface topography as shown in [42] since the roughness values of the 

two-step modified surfaces before and after the deposition remain very close to each other. 

Besides the possible reinforcement of the mechanical anchoring, the chemical bonding must be 

taken into account. Gravis et al. [24] studied the competitive effect of the roughness and the 

surface chemistry on PEEK modified either by plasma (at atmospheric pressure or at reduced 

pressure) or by a laser beam on Al adhesion. Currently, the surface chemistry of PEEK can be 

tuned in terms of hydrophilic bonds (mainly C=O and COO) leading to an increase of its 

surface-free energy therefore leading to an increase of the adhesion between a metal coating 

and the polymer (Fig. 22). An ECR plasma treatment can add a texturing effect to the polymer 

surfaces especially if an external bias voltage is applied to the samples (called high energy 

ECR).  In that case, one can overlay the advantage of the chemical functionalization of the 

surface to the advantage of the anchoring effect to extend the result in terms of adhesion as 

shown on Fig 22. 
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Fig. 22. Comparison between an atmospheric plasma, a low energy ECR plasma and a high energy ECR plasma 

treatment on the surface-free energy ( ) and on the practical adhesion on PEEK surfaces. [24] 

 

In conclusion, on polymer-metal adhesion, Fig. 23 provides an overview on the balance that 

one can select between the chemical (functionalization) and the texturing (mechanical 

anchoring) effects on a polymer surface as supplied by plasma and laser technologies. Polymer 

texturing is playing a major role towards the anchoring effect which can be filled out with the 

chemical modification of the surface with only one process in the case of plasmas.  

 
Fig. 23. Competitive balance between mechanical anchoring and surface chemistry of PEEK in the case 

of different plasma treatments or laser texturing 

 

Surface patterning for adhesion purpose is also developed for the metallic ink used in 

inkjet printing; the aim is not only to improve the adhesion of metallic ink but to limit its 

spreading during the printing (Fig. 24).  
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Fig. 24. Optical microscope images of Ag dot pattern formed by an inkjet printing system on the polyimide 

surface before (a) and after (b) texturing using atmospheric pressure plasmas [44]. 

 

That means to balance the hydrophilic / hydrophobic character of the substrate and to 

control the wettability equilibrium. For such a purpose [44], a multiple-step plasma treatment 

including deposition, oxidation and etching of a polyimide surface leads to micro-patterned 

surface with hydrophilic and superhydrophobic Wenzel-type domains. Such a treated surface 

bears fine lines of adhesive Ag ink. 

 

Conclusion  

 

The aim of this review was to illustrate the versatility of plasma nano-texturing. Nano-

features with high aspect ratio can be prepared either by etching or deposition whatever the type 

of polymer and plasma. Even more, a regular pattern is obtained without any mask layered on 

the polymeric substrate. Furthermore, plasma nano-texturing has a low environmental impact, 

it can be combined to other dry technics. The texturing mechanism was illustrated through 

different applications.  
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