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Abstract 

This paper reports on plasma surface etching of three different polymers using a low-temperature (80°C) 
atmospheric-pressure plasma generated in pure hydrogen by a diffuse coplanar surface barrier discharge. 
Flexible polymer foils were plasma-modified in roll-to-roll configuration. Three polymers, polyethylene 
naphthalate (PEN), polyethylene terephthalate (PET), and polyimide (PI) foils were exhibited to the hydrogen 
plasma etching. Scanning electron microscopy was used to determine the change in the thickness of the 
samples from the measurement of cross-section images of polymer foils. As shown, the etching rate of tested 
samples was of the order of ~10-100 nm.min-1. Therefore, the presented method is suitable for precise etching 
of nanostructures and thin polymer film or flexible polymer substrates.  
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1. INTRODUCTION 

Dielectric barrier discharges (DBDs) are well known as a source of non-isothermal, low-temperature plasma. 
They are often used for plasma generation at atmospheric pressure in a wide range of gases like ambient air, 
nitrogen, oxygen, helium, argon and its mixtures. DBDs and generated plasma are successfully utilized for 
plasma cleaning, activation, functionalization and other modification of various materials and its surfaces. 
However, atmospheric pressure plasma generated by DBD can also be used for plasma-enhanced chemical 
vapour deposition (PECVD) of thin films, deposition of complex functional thin films, for plasma etching and 
creating nanostructured surfaces. The application range of plasma generated by DBDs is vast: from surface 
engineering, production of nanomaterials to applications in medicine and biology. 

Oxidation reactions initiated by DBD plasma generated in an oxidative atmosphere (ambient air, oxygen, etc.) 
are well known and studied in innumerable publications and found in many real applications [1,2]. However, 
DBD plasma can be generated also in argon and hydrogen, leaving the possibility to initiate the chemical 
reduction reactions. Prysiazhnyi et al. [3] showed that atmospheric pressure DCSBD plasma can be used for 
chemical reduction of a native surface CuO/CuO2 layer. Krumpolec et al. [4] reported hydrogen plasma etching 
of SiO2/Si films.  

This paper presents a method for atmospheric pressure plasma surface etching of polymers in pure hydrogen 
plasma generated by a diffuse coplanar surface barrier discharge. Plasma etching was tested at three 
polymers (PEN, PET, PI). All of them are considered to be a key plastic substrates for future flexible electronics 
[5,6]. The etching of polymer materials was studied by scanning electron microscopy, and chemical reduction 
of plasma modified surfaces was analyzed by x-ray photoelectron spectroscopy.  

Plasma is a complex mixture of electrons, ion, radicals, molecules and excited species. The interaction of this 
mixture of active species with materials, especially with polymers, led to the complex reactions leading to the 
change of surface properties of the substrate. The interactions of species with the surface during plasma 
etching is either physical or chemical; then the process is called reactive plasma etching or plasma-chemical 
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etching, respectively. A comprehensive summary of plasma etching of polymers and polymeric materials can 
be found in a review of Puliyalil and Cvelbar [7]. Kwon et al. [8] used hydrogen plasma sintering process 
at temperature 150 oC for reduction and densification of copper complex ink. Palmer et al. [9] used a hydrogen-
argon thermal plasma (50% H2 - 50% Ar) for reduction of TiO2. Selective etching of graphene and graphene 
nanoribbons using hydrogen plasma reaction at 300 oC was studied by Liming et al. [10]. Hydrogen plasma 
was also used for surface modification of polymers, e.g. PTFE [11], and plasma etching of PP, PET, PEN, 
PEEK, PMMA, PLA, LDPE and Nylon 6,6 [12]. 

2. EXPERIMENTAL 

Polyethylene naphthalate (PEN), Polyethylene terephthalate (PET) and Polyimide (PI) polymer foils were used 
as a substrate for plasma etching. PEN and PET substrates were used as pure polymer foils. A Nikaflex F 30 
VC1 foil (Nikkan Industries Co., Ltd.) was used as a polyimide sample, which is used as a substrate for flexible 
printed circuits. The samples were used as-received, without chemical cleaning, just upper protector was 
removed from the surface and dust was removed using compressed air.  

Plasma etching of small experimental samples was done in a sealed chamber designed to generate the plasma 
in pure hydrogen. The reactor chamber is described in [4]. The plasma was generated in pure hydrogen (purity 
4.8) working gas at atmospheric pressure by diffuse coplanar surface barrier discharge DCSBD (Roplass, 
Czech Rep.). Power input into DCSBD was 100 W giving the power density in the plasma 2.5 W.cm-2. The 
samples were moved at a small constant velocity during the treatment to ensure homogeneous etching. A 
surface-to-surface distance of sample surface from DCSBD unit was 0.2 mm.  

 

Figure 1 Scheme of roll-to-roll reactor based on DCSBD for plasma etching of flexible substrates: (1) curved-
DCSBD unit, (2) low-temperature pure hydrogen plasma generated at atmospheric pressure, (3) polymer foil 

sample guided by dielectric roller (4) 
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Large polymer sheets were treated using a reactor designed for roll-to-roll treatment and based on DCSBD 
with curved alumina ceramic as shown in Figure 1. The modified curved-DCSBD unit (1), with curvature 

1/14.8 cm−1, generated homogeneous large-area plasma (2) of the same properties as planar-DCSBD 
configuration. The polymer foil (3) were guided by dielectric roller (4) with a diameter 296 mm at a precise 
distance D from the plasma. The whole system was closed in a sealed chamber connected to the inlet and 

outlet gas distribution system. 

The experiment was carried out as follows: Prior the etching in pure hydrogen, the gas chamber was purged 
by pure nitrogen flow (purity 4.8) for several minutes to establish safe and clean conditions before the 

experiment. Then pure hydrogen flow was established at a specified flow rate for a particular reactor, and the 
chamber was again flushed for several minutes before plasma was turned on. The chamber was again purged 

with pure nitrogen after the experiment prior safe opening of the reactor lid. The reaction temperature during 
the plasma etching was about 80°C. 

The changes in surface morphology and etching rate measurement were done by scanning electron 
microscopy using MIRA 3 device (TESCAN, Czech Republic). All micrographs of samples were taken using 

the accelerating voltage 10 kV, edge of the samples was observed at accelerating voltage 30 kV. Before the 
SEM analysis, all samples were coated by a 10-nm layer of Au-Pd composite. 

The changes in surface chemistry on plasma modified polymers were studied by means of a high-resolution 
XPS (X-ray Photoelectron Spectroscopy) performed with the XPS spectrometer ESCALAB 250 Xi (Thermo 

Fisher Scientific Inc., UK). The system is equipped with 500 mm Rowland circle monochromator with 
microfocused Al K α X-Ray source. The survey spectra were acquired with a pass energy of 50 eV and 

resolution of 1 eV. The photoelectron spectra were referenced to the peak of aliphatic C-C bonds at 284.8 eV. 
The spectra calibration, processing and fitting routines were done using Avantage software. The transfer time 

between opening the plasma reactor, manipulation and insertion of the samples into the XPS load-lock 
chamber was less than 15 min. 

3. RESULTS AND DISCUSSION 

PEN, PET and PI flexible polymer foils were etched in the pure hydrogen plasma for 60 min. The thickness of 

each sample was measured before and after the plasma etching and etching rate was calculated from the 
reduction of the thickness. Figure 2 shows SEM micrographs of cross-sectional images of PEN (a), PET (b) 

and PI (c) before and after plasma etching. 

Table 1 shows measured sample thickness before and after 60-min plasma etching with a calculated etching 

rate of each sample. The measured etching rate of PI, PET and PEN was 83 nm.min-1, 175 nm.min-1 and 
200 nm.min-1, respectively.  

Table 1 Measured thickness of the samples before and after plasma etching 

Sample Thickness (µm) Difference (µm) Etching Rate 
(nm.min-1) 

before after 

PEN 130 +/- 1 117.5 +/- 5 -12 200 

PET 30 +/- 1 19.3 +/- 1 -10.5 175 

PI 50 +/- 0.65 45 +/- 1 -5 83 
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Figure 2 SEM micrographs of PEN (a), PET (b) and PI (c) before and after 60-min plasma etching in pure 

hydrogen plasma 
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Figure 3 Concentration of elements on PEN, PET and PI before and after plasma etching in H2 plasma with 
O/C ratio values (column labels) 

Surface chemical analysis performed by XPS revealed a different effect of reduction hydrogen plasma 
on etched polymer samples (Figure 3). In case of PEN and PET samples, the surface was fast reduced. Even 

1-minute plasma treatment led to a decrease of oxygen concentration to 19 at.% from reference value 27 at.% 
on PEN sample. On PET, oxygen concentration decreased to 20 at.% from reference value 26 at.%. Long 60-
min etching let to the further decrease of oxygen concentration to 18 at.% on PEN and 16 at. % on PET foil. 
Oxygen-to-carbon ratio was decreased after the plasma etching by 42 % on PEN sample at value O/C = 0.22 
from starting value 0.37 measured on untreated sample. On PET, oxygen-to-carbon ration decreased by 46 
% to value about 0.20 from ratio O/C = 0.36 on untreated sample.  

On the other hand, plasma etching of PI samples is slower. 60-s etching of PI led to the no change in oxygen 
concentration, and even 60-min etching led to a small decrease of oxygen concentration to 40 at.% from the 
value 43 at.% measured on untreated sample. Oxygen-to-carbon ratio decreased after 60-min etching only by 
5 %. A small increase of O/C ratio by 5 % after the first 60-sec etching is probably the result of very slow 
etching & reduction reactions of hydrogen plasma on PI resulting in small changes of C, O and N 
concentrations on plasma treated sample. No significant change in nitrogen concentration was observed after 
the etching.  

Despites the preliminary results obtained in this work, it is evident that atmospheric-pressure hydrogen plasma 
is capable of being a promising method for surface etching of polymers or thin polymeric films. Based on 
observed etching rates in the order of ten to hundreds of nanometers per minute, the method is suitable for 
precise etching of thin nanoscale polymer films. It was reported, that diffuse coplanar surface barrier discharge 
in hydrogen gas generates stable, high power and high electron density (ne = (1.3 ± 0.1) × 1016 cm−3) plasma 
with a mean electron temperature of about Te = (19 ± 3) × 103 K [3]. However, more research is needed to 
reveal the precise reaction mechanism of hydrogen plasma with the surface of polymeric materials. The 
presented method successfully utilizes a roll-to-roll, low-temperature, hydrogen plasma for plasma etching of 
polymeric flexible foils which become more and more important substrates for future technologies. 
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4. CONCLUSION 

Pure hydrogen DCSBD plasma was used to etch the surface three different polymer films. Etching of surface 
polymer film was confirmed by SEM cross-section analysis. The measured etching rate of PI, PET and PEN 
was 83 nm.min-1, 175 nm.min-1 and 200 nm.min-1, correspondingly. Surface chemical analysis performed by 
XPS revealed different behaviour of reduction plasma on etched polymer samples. In case of PEN and PET 
samples, the surface was fast reduced leading to a decrease of oxygen concentration to 19 at.% from 
reference value 27 at.% on PEN and to a decrease of oxygen concentration to 20 at.% from reference value 
26 at.% on PET after 1-min exposure in pure H2 plasma. Longer etching let to the further decrease of oxygen 
concentration. On the other hand, plasma etching of PI samples was slower. 60-s etching of PI led to the no 
change in oxygen concentration, and even 60-min etching led to the decrease of oxygen concentration to 
40 at.% from value of 43 at.% measured on untreated sample. Etching is besides the films deposition an 
important production step in microelectronics, which tends a big move to flexible polymer substrates from 
standard silicon wafers. As revealed, low-temperature (80 oC) plasma treatment in pure hydrogen plasma can 
be used for precise etching of polymers. The presented method of roll-to-roll plasma etching could be a new 
way of plasma processing of flexible polymer foils. 
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