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Graphical abstract 

 

 

Highlights:  

 Polymeric surfaces were etched using non-thermal plasma at different intensities  

 Polymers of low mechanical hardness reached the saturation level faster 

 A mathematical model based on scaling laws was proposed  

 

ABSTRACT 

The experiments presented in this communication have the purpose to elaborate an explanation 
for the morphological evolution of the growth of polymeric surfaces provided by the treatment of 
non-thermal plasma. According to the roughness analysis and the model proposed by scaling 
laws it is possible relate to a predictable or merely random effect. Polyethylene terephthalate 
(PET) and poly(etherether)ketone (PEEK) samples were exposed to a non-thermal plasma 
discharge and the resulting surfaces roughness were analyzed based on the measurements from 
contact angle, scanning electron microscopy and atomic force microscopy coupled with scaling 
laws analysis which can help to describe and understand the dynamic of formation of a wide 
variety of rough surfaces. The roughness, RRMS (RMS- Root Mean Square) values for polymer 
surface range between 19.8nm and 110.9nm. The contact angle and the AFM (Atomic Force 
Microscopy) measurements as a function of the plasma exposure time were in agreement with 
both polar and dispersive components according to the surface roughness and also with the 

morphology evaluated described by Wolf-Villain model, with proximate values  of  between 
0.91(PET) and 0.88(PEEK), β = 0.25(PET) and z= 3,64(PET). 
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Short communication 

 

The nature of plasma treatment is well known and involves a series of reactive species, ionized 

or simply accelerated by an electric field generated between two electrodes [1]. Non equilibrium 

plasma can be produced under atmospheric or low pressure conditions depending on the desired 

result and operational capability. Many authors have studied plasma etching in the morphology of 

metallic and polymeric materials and their effects of cleaning [2] [3], etching and wettability [4] [5], 

surface energy [6] and energy adhesion [7], [8]. Furthermore, the activation of these surfaces 

with specific reactants increases the antimicrobial activity or flame retardant capacity [9], [10] 

among several other properties making the technique of extreme interest. Numerical models that 

describe plasma systems [11] and the solid-plasma interaction [12]–[17] based on gas flow, 

density of species, collisional process, etc. [18] are widely reported, and many of these have 

been used in the development of reactors and optimization processes. Among the methods used 

to describe the creation of surfaces, the use of the scaling laws has attracted interest [19]–[22] 

since it contributes to better understanding the chemical structures and the origins of a wide 

variety of surface roughness profiles. Despite the importance of determining the morphological 

profiles of polymer surfaces treated by atmospheric non thermal plasmas (NTP) through the 

scaling laws in order to improve our understanding of how NTP discharge interacts with polymer 

surfaces, few studies have been published. The scaling properties of a surface roughness 

represent a very useful tool to investigating understand the growth dynamics of thin films and 

other deposits [18], [23]. It is well known that a surface can be grown or created using distinct 

experimental techniques to add or remove materials from the surface, for instance, chemical 

vapor deposition, spin-casting, chemical etching and sputtering. The morphology generated is a 

result of the competition between different growth dynamics, and once created the surface can 

evolve in different ways which will be dependent of many factors, and these are the specific 

growth parameters. In practice, from plots of the surface width (W) as a function of the matrix size 

(L) it is possible to obtain the roughness exponent () and from plots of the saturation roughness 

(Wsat) as a function of time t we can obtain the growth exponent (). Finally these values are 

related to some universality class of surface growth [16]. In our work, polyethylene terephthalate 

(PET) and poly(ether ether)ketone (PEEK) samples were exposed to a non-thermal plasma 

discharge to different times of exposure, and the resulting surfaces were analyzed based on the 

contact angle, scanning electron microscopy (SEM) and atomic force microscopy (AFM) analysis. 

The etched surface with non-thermal plasma discharge images were obtained by AFM, and these 



images were treated to evaluate the dynamic, growth, and roughness scaling exponents values 

using the scaling laws analysis.  

The aim of this study was to gain a better understand of the process that controls the formation of 

the surface using a statistical method based on the scaling laws, where a universality class can 

help to describe and understanding of the dynamics of the formation of a wide variety of rough 

surfaces. 

Experiments were done with PET donated by Fortymil Plastics (Itatiba, Brazil) and PEEK 

Vestakeep® (industrial grade) by Evonik Industries (Essen, Germany). These materials were 

obtained as pellets and molded through simple fusion with a Kapton® (Dupont, USA) film of high 

heat resistance on a Velp heating plate. The thickness of the films produced was at between 150 

and 250 μm. The films were washed with distilled water twice and stored in a dry environment at 

room temperature. The atmospheric plasma of dielectric barrier discharge (DBD)   was generated 

in a planar geometry made by glass walls and stainless steel electrodes with the following 

working parameters: argon flow of 5 L/min, gap of 3 mm and pressure of 74.65 kPa. After 

optimized this parameters, samples were exposed to plasma in the time of 5, 10, 20 and 30 

minutes. The power supplied used to generate non-thermal plasma in this work operates at AC 

mode and at a frequency range from 60 Hz to about 10 kHz. The electrical characteristics of the 

plasma reactor voltage and current waveforms were investigated using a Teknotronix 

oscilloscope (model P6015A) couple to voltage (MD03012) and a current (P6022) probes 

(Florianopolis, Brazil). The electrical parameters adjusted  to the experiments were: 2.2 kV and 

560 µA at 1W of applied power. By multiplying the current by the voltage (RMS values) measured 

by the oscilloscope it is possible to estimate the RMS power applied to the NTP reactor.  The 

contact angle and surface energy were determined by depositing three drops of different liquids 

(water, formamide and diiodomethane) on the surface in a Dataphysics system (model OCA 20) 

(Filderstadt, Germany) using the ADSA (Axysymmetric Drop Shape Analysis) method. Samples 

submitted to scanning electron microscopy were coated with gold before analysis on a JEOL 

microscope (model JSM-6390LV) (Massachusetts, USA). AFM analysis was performed on a 

Nanosurf FlexAFM Microscope (Massachussets, USA) operating in tapping mode under ambient 

conditions using a TAP190Al-G tip, scan rate of 1.0 Hz, and the resolution was 512 pixels x 512 

pixels. In the same region, a set of images with distinct lateral sizes (areas) was taken, but only 

the image with 10 m of lateral size (or 100 m2 of area) is shown in this paper. The treatment of 

AFM images were statistically evaluated  using 5.0 WSxM Develp 7.0 software [24].  Then, AFM 

images were analyzed according to statistical methods of the scaling laws by a mathematical 



process using a computer program (C++). The interface width (WL) was defined by Equation (1). 

This characterizes the roughness of the interface and it is obtained from the root means square  

fluctuations of the height as a function of a square matrix of size L [25]: 

  (1) 

In equation 1, h is the surface height at point (i, j) and the over bar denotes the average values 

for h inside a given matrix of size L. The matrix of size L scans the whole image under analysis.  

This is also known as the gliding matrix, where the scanning matrix moves one pixel each step 

and performs a new spatial average. If the surface presents a self-affine behavior, WL scales with 

L according to the relation WL L. The exponent , which is called the roughness exponent, 

characterizes the roughness of the saturated interface. As L increases, the power-law increases 

in width, but this will not continue indefinitely, being followed by a saturation regime during which 

the width reaches a saturation value Wsat, which represents a correlation length perpendicular to 

the surface and scales with time as Wsatt.  is the growth exponent which characterizes the 

time-dependent dynamics of the roughening process and, finally, the dynamic exponent (z) 

shows how the saturation time scales with the sample length and the relationship between the 

three critical exponents by dividing the roughness by the growth exponent [25]. 

Figure 1 shows the results for the contact angle and surface energy measurements obtained for 

the PET (Fig.1(a)) and PEEK (Fig.1(b)) films, respectively.  A variation in the contact angle can 

be clearly observed for the two films. The contact angle value is high for the untreated films and it 

decreases as a function of the non-thermal plasma exposure time, resulting in an increase in the 

surface energy and, consequently, an increase in the wettability for both films. After  1800 s of 

plasma treatment, the contact angle decreases by around 30% compared with its initial value and 

the surface free energy, related to the polar and dispersive components, increases. These 

properties are related to two tension components dispersive d and polar p, according to Equation 

(2) [14]: 

(2)   
 

where ɣ is surface tension values related to S (solid) and L (liquid). An interesting point that can 

be observed in Fig. 1 is that the polar component increases while a subtle decrease in the value 

for the dispersive component can be observed. This increase in the polar component can be 

attributed to the charge accumulation effect and roughness  on the surface created during the 



plasma treatment [1]. Regarding the accumulation of static electric charges, recent studies show 

that macromolecules or fragments existent in the original surface, whose dipole moment (p) 

undergoes orientation by the electric field of the plasma discharge, could contribute to the 

hydrophilic nature conferred to the surface [26]. As can be seen, the surface energy of the 

samples without treatment is basically related to hydrophobic groups on the surface, but after 

exposure to the plasma discharge these adopt a hydrophilic character. Figure 1 (b) shows that 

during the first few minutes of application both the contact angle and surface energy change 

considerably, reaching a plateau after 1200 s  for PEEK. This plateau was not observed for PET 

even after 1800 s  of exposure. 

The behavior described in the previous section can be easily observed through the microscopy 

images obtained from the SEM analysis, shown in Figures 2 (a) and (b). Initially, the surfaces for 

both materials are homogeneous, apart from a few imperfections arising from the molding 

treatment to which they were subjected. In the case of PET, during the first five minutes, it was 

possible to observe the appearance of valleys or paths formed by the plasma discharge. At high 

magnification it is also possible to detect these formations for PEEK, but at a lower intensity. After 

600 s  of exposure preferential peaks remain while erosion continues. After 1200 s  it can be 

noted that for PET, exposure to the plasma causes substantial homogeneity and low roughness, 

features very similar to those observed for the original sample. This behavior is also expected for 

PEEK however features such as hardness and mechanical strength could be related to the 

weakness and fragility due to the highly reactive species generated by non-thermal plasma. 

According to published data, the hardness values for PET and PEEK, determined by the 

Rockwell method, are 105 and 126, respectively [27]. 

The AFM images for the PET and PEEK surfaces can be seen in Fig. 3 and they show the 

morphological surface during exposure. The roughness of surfaces  range between 19.8nm and 

110.9nm for PET and between 30.5nm and 79.1nm for PEEK. Under the non-thermal plasma 

treatment, the surface roughness increases up to 900-1200 s  for both polymers and then 

decreases. During surface treatment the plasma reactor parameters were kept constant and 

there was no change in temperature detected over the treated surface after 1800 s 30 min. 

Based on the experimental data there is no evidence of thermal effect as expected [1], and it 

must be related to the mechanical resistance of the materials. 

Figure 4 shows WL as a function of width and the saturation roughness (Wsat) as a function of the 

plasma exposure time, both in log-log plots. We can clearly observe on Fig.4(a) and (b) two 

regions: slope and saturation regions. From the slope region we obtain the roughness exponent 



() and from the saturation region we obtain the saturation roughness (Wsat), which is similar to 

the RRMS roughness. The  values obtained were around 0.91 and 0.88 for PET and PEEK 

samples, respectively. 

The  roughness of surface, in this case represented by Wsat, was determined according to the 

plasma exposure time. As mentioned above, despite the slopes of the curves in Figure 4(c), we 

can obtain the growth exponent () which provides information regarding the time evolution of the 

surface. In the first 10 min of plasma treatment the PET samples present a linear dependence 

with time, where  ~ 0.25. In the case of the PEEK samples there was no linear dependence on 

the plasma exposure time. For samples not exposed to the plasma discharge, the initial 

roughness values were approximately 21nm and 27nm for PET and PEEK, respectively. When 

the samples were submitted to plasma, a considerably difference in the roughness values was 

observed. The PET samples showed an increase in the roughness as the exposure time 

increased reaching a maximum value of 250nm after 600 s  of treatment time, followed by a slight 

decrease after the longest plasma exposure time. In the case of PEEK samples, there was a 

slight increase toward a saturation value after longer plasma exposure times. On comparing the 

roughness for the samples, PET had a higher value than PEEK. This behavior confirms the 

changes observed in the contact angle in the first minutes of exposure, with an abrupt increase in 

the roughness of the surface. In order to better understand the formation of polymer surfaces, 

which in this case occurs due to the erosion of the surface as an effect of the exposure to the 

NTP discharge, in a chemical-bonding environment some models can be used to describe the 

growth dynamics of the surface. We can relate the values of the exponents obtained to the linear 

surface diffusion equation under a chemical-potential gradient, the so-called Wolf-Villain equation 

(WV), defined in Equation 3, as follows:  

       (3) 

where RD is the deposition rate, ν is a constant, η is a roughening term with stochastic 

characteristics of a fluctuation process, and the term  represents smoothening by surface 

diffusion. The values for the roughness, growth and dynamic exponents obtained from this model 

were 1, 1/4, and 4, respectively. In relation to the values for the roughness exponent obtained 

with the model and in our results, the experimental  value varies between 0.91 and 0.88, which 

is lower than the theoretical value of 1. This difference may be related to erosion which could be 

due to the plasma strength in some regions that contain hard sites which could not be removed 



from the surface, referred to in the scaling laws a quenched noise [28] . Although it was not 

possible to estimate the growth exponent (β) for PEEK, due to saturation behavior, for PET we 

noted that the value obtained experimentally (0.25) is in agreement with the proposed model and 

also the dynamic exponent z (around 4). Thus, plasma erosion removes species more easily 

from PET than from PEEK surfaces, probably because PET is a softer polymer than PEEK, as 

demonstrated by the hardness results [27]. Initially, the plasma etching will attack the easier 

sites, resulting in a greater degree of roughness of the surface. In agreement with the images 

obtained by scanning electron and atomic force microscopy, polymeric materials may differ in 

terms of their mechanical properties and the intensity of damage caused by “heavy” and fast 

species occurs at different intensities. 
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 Figure 1: Surface energy (ergs cm-2) and contact angle (degrees) of the (a) PET and (b) PEEK) 
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Figure 2: SEM images of (a) PET) and (b) PEEK as a function of NTP exposure time (argon 

5L.min-1; gap 3mm; 74.65kPa). 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: AFM images for (a) PET) and (b) PEEK as a function of the NTP exposure time (argon 

5L.min-1; gap 3mm; 74.65kPa). 
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Figure 4: Interface width (WL) function versus size of matrix L in log-log plots for (a) PET and (b) 

PEEK and (c) saturation roughness profile (Wsat) as a function of plasma exposure time. 

 

 

 


