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Abstract  
 

One of the key requirements for successful production of flexible electronics is the quality of the substrate. High quality 

substrates produce high yields in the coating processes. Despite being high quality when manufactured, the quality can 

easily be compromised by particles being deposited during transport and unwinding, by oligomers migrating from the 

polymer base to the surface over time or by organic contamination. The result is a high quality film with a low quality 

surface, something that is not ideal for the thin functional coatings used in flexible electronics. This is a key reason for high 

defect rates.  

 

This paper will present a new technology, for which patent protection has been sought, combines proven techniques for 

particle removal with a sealed process chamber for innovative plasma organic removal, surface activation and 

functionalization. The single unit operates at atmospheric pressure. This allows a commercially produced, standard plastic 

film to be treated immediately before coating to produce the highest quality surface in a single step and in ambient 

conditions which offers significant technological and commercial advantages.  

 

Introduction 
 

The surface of solid materials is best understood to be a multi-layer structure at what is known as the “boundary layer” of 

materials. The thickness of this boundary layer depends upon the material’s native molecular make-up and its degree of 

environmental exposure. The physical and chemical composition of material surfaces can therefore be highly complex. The 

surface of a sheet of PTFE, a flexible metal foil, or any other substrate, can be composed of non-uniform layers of 

adsorbed water and other organic and inorganic contaminations. Surface roughness can range well over one-hundred 

nanometers as well, adding further complexity to material surfaces. 

 

In its most basic functional definition, surface cleaning removes contamination layers on highly complex surfaces. These 

contaminations can be both naturally-formed, and introduced by technical processes. Naturally introduced contaminations 

evolve from exposures to atmospherically present species such as oxygen, carbon and hydrogen in the form of surface 

oxides, adsorbed water particles, and carbon-containing compounds. Technologically-introduced contamination layers are 

those which become present after a previous surface treatment or modification process, such as the introduction of rolling 

oils in processing of metal foils, or residual oxides following water rinsing processes for glass surfaces. It is important to 

note that many contamination layers can be physically and/or chemically bound to a surface. As such, surface cleaning is a 

prerequisite for preparing surfaces for surface treatments such as protective and functional coatings. 

 

Description and Application of Equipment and Processes 
 

The process of surface cleaning involves multiple steps, beginning with the activation of plasma species, the driving of 

those species to the substrate surface, the reaction of these species at the surface, and the subsequent removal of the surface 

reaction byproducts from the plasma reaction area. In its inherent form, atmospheric pressure plasma cleaning is a dry 

cleaning process. This process becomes a true ecologic and economic alternative to current wet surface cleaning processes. 

With wet cleaning processes, hazardous materials and employee safety regulations tightly govern their use.  The costs 

associated with these processes such as byproduct disposal and safety implementations are reoccurring and expensive. 

These processes have historical incidences of safety, environmental and employee health mishaps as well. Wet chemical 

cleaning processes become necessary, however, when substrate contaminations exceed approximately 10 microns. For 

lower contamination levels, particularly those at the atomic level, wet chemical cleaning has necessarily been 

supplemented by a final cleaning process such as plasma cleaning It is the interaction of electrons, ions and free radicals at 

surfaces that initiates and sustains plasma surface cleaning.  

 



The advantages of atmospheric pressure plasma discharges in surface cleaning are profound and provocative. They operate 

under low temperature and utilize low electrical energy rather than high thermal energy to produce chemically active 

surface reactions. There are no liquid-based byproducts requiring disposal. And management of atmospheric pressure 

plasma processes typically do not require extensive supervisory personnel to safeguard the process. Although low density, 

batch-based vacuum plasma cleaning regimes have historically been capable of cleaning less than 0.5mm of surface 

contaminations per hour, their higher density atmospheric press plasma counterparts are evolving to provide increasingly 

higher levels of particle removal as in-line continuous regimes. It is this latter aspect of atmospheric pressure plasmas that 

is most compelling. Delivering nearly pristine, uniform and homogenous surface cleaning results in a very short treatment 

cycle time without changing substrate surface morphology or generating byproducts requiring expensive disposal 

procedures profiles the most desired surface cleaning process [1].  

 

The first stage in the process utilises state of the art contact cleaning to remove discrete particles down to 100nm in size. 

The substrate then enters the surface treatment portion of this process which involves a Dual Dielectric Barrier Discharge 

(DDBD) Plasma Technology operating at atmospheric pressure. This provides a non-equilibrium plasma that provides high 

density active species, including radicals, energetic electrons and ions at low gas temperature. It effectively volatilises and 

vaporises organic contaminants to achieve surface cleaning and sterilisation. This homogeneous diffuse atmospheric 

plasma discharge operates in near oxygen free atmospheres to establish high area density surface functionalities for 

continuous surface modification of a wide range of roll to roll materials. It is designed for use with a wide range of noble 

and reactive gases. 

 

Techniques, such as contact cleaning, are already available to remove particles but these techniques do not remove organic 

contamination like oligomers which migrate to the surface of the film over time. Currently surface pre-treatment in ambient 

coating lines involves corona discharge and the initial test results in Table 1 below show a significant improvement in 

surface properties when DDBD is used instead of corona.  

 

Table 1. Plasma vs. Corona Treatment of Metal Foil Substrates 

  

 
Stainless Steel  Copper Nickel 

 
 

 
DDBD 

Plasma  

SDBD 

Plasma 

DDBD 

Plasma  

SDBD 

Plasma 

DDBD 

Plasma  

SDBD 

Plasma  
 

Pre-treat CA (degrees) 96 96 92 92 89 89 

 
 

Pre-Treat Peel (gr/in.) 515 515 530 530 568 568 

 
 

Power Density (Wmin/m
2
) 100 100 100 100 100 100 

 
 

Post-Treat CA (degrees) < 5 26 < 5 23 < 5 21 

 
 

Post-Treat Peel (gr/in.) 875 758 893 772 923 806 

 
 

         

Key aspects of surface quality are surface cleanliness, surface activation to improve coating adhesion and surface 

functionalization to allow specific thin films to be deposited. This new technology enables all these key aspects to be 

achieved in coating lines operating in ambient environments, and allows creation of higher value substrates using a simple 

and cost effective process. 

 

Experimental and Results 

 
The DDBD atmospheric pressure plasma surface modification system utilized in this experimental is of commercial design 

and performance. It consists of two high-voltage ceramic-insulated electrodes of rectangular cross-section, 1.5 cm wide 

and 15.24cm long. These electrodes are placed over a grounded ceramic-insulated steel roller, with a gas gap of about 1 

mm. Polyethylene film sheets containing fast-migrating oleamide were fixed on a “carrier” polymer film web and 

conveyed over a grounded steel roller, allowing a direct interaction of the micro-discharges with the surface of the 

polyethylene substrates (Figure 1). Oleamide [CH3(CH2)7 – CH = CH – (CH2)7 – CONH2] is an amide of the fatty acid 

oleic acid. Surface-migrating, synthetic oleamide are added to converting packaging film masterbatches to improve film 

processing through converting equipment. Oleamide is a common film surface contaminate which requires highly-uniform 

surface cleaning at commercial processing speeds to prevent downstream adherend (ink, coating, adhesive) delaminations.   

 

Plasma cleaning was performed using 100% nitrogen, diffused from the electrodes through a membrane between the 

electrodes at a rate of 0.76 liters per cm and ionized to form a plasma discharge at a power density of 43Wmin/m
2
.  

 

 

 

 



Figure 1. Principle of Electrode Configuration, Plasma Generation, and Surface Effect 

 

 
 

Post-cleaning analysis was conducted with x-ray photoelectron spectroscopy (XPS) because of the surface specificity of 

the technique, and because the technique can determine differences in binding energies of surface elements. 

 

The samples were analyzed directly with XPS after cutting to an appropriate size. XPS analyzes approximately 4nm of 

material (≈15 layers of atoms) with good light element sensitivity. Generally, the analysis is conducted in two phases. 

During the first phase, the elemental surface composition is obtained (atomic percent, above atomic number 2, within 40Å 

of surface). Subsequently, the major peak from each element is re-analyzed in high energy resolution mode to look for 

subtle changes in binding energy. These changes in binding energy are used to make inferences about compounds present 

on the surface of the material. The samples were analyzed with a Physical Electronics Quantum 2000 scanning XPS 

system. The x-ray source was a monochromatic aluminum anode. The analysis area was 1.5 mm x 0.5 mm. 

 

The elemental analysis results are included in Table 2 and Spectra 1-2. 

 
Table 2. Analysis of two polyethylene samples as obtained with XPS. Data are normalized atomic 

percent of elements above atomic number 2 within 40Å of the surface. 

Sample Spectrum C N O Na Si S Cl K Ca 

Untreated PE 1 89.8 0.9 6.3 1.4 0.4 0.1 0.3 0.6 0.2 

Treated PE 2 83.8 2.2 13.0 0.1 1.0 - - - - 

 
Figure 2. Spectrum 1 of Untreated PE Film 

 

 



Figure 3. Spectrum 2 of Treated PE Film 

 

 
 
 
The treatment increased the nitrogen, oxygen, and silicon on the surface while reducing the amount of sodium, sulfur, 

chlorine, potassium, and calcium. Figure 4a and 4b show the curve fit model for the carbon XPS peaks. After 

deconvolution, the areas under the peaks were measured; these areas are proportional to the amount of carbon in each state. 

Table 3 summarizes the carbon distribution. The data in Table 3 shows the plasma treatment increased all of the C:O 

bonding species. 

 

Figure 4a. Carbon Curve Fit Model – Untreated PE          Figure 4b. Carbon Curve Fit Model – Treated PE 

                                                                      
 

 

Table 3. Fraction of Total Carbon in Each Chemical State 

Carbon State C-C,H C-O C=O O-C=O 

Untreated PE 92 5 2 1 

Treated PE 84 9 4 3 
 



Nitrogen (Figure 5a-b, Table 4) data were inspected in a similar fashion. The surface nitrogen was primarily organically-

bound N with some quaternary nitrogen and also some NO species. After treatment, the fraction of quaternary nitrogen 

increased substantially. This nitrogen is similar to an ammonium type compound. 

 

Table 4. Fraction of Total Nitrogen in Each Chemical State 

Nitrogen State Nitride, or NO Organic Quarternary 

Untreated PE 10 83 7 

Treated PE - 76 24 

 
Figure 5a. Nitrogen Curve Fit Model – Untreated PE          Figure 5b. Nitrogen Curve Fit Model – Treated PE

                              
 

The oxygen data are shown in Figure 6a-b, and Table 5 below. With plasma treatment, a fraction of C-O bonding 

increases.                    
 

    Figure 6a. Oxygen Curve Fit Model – Untreated PE          Figure 6b. Oxygen Curve Fit Model – Treated PE 

                                  
 

Table 5. Fraction of Total Oxygen in Each Chemical State  
Oxygen State C-O C=O 

Untreated PE 64 36 

Treated PE 41 59 

 
The data in Tables 2-5 were combined to give an overall surface chemistry summary in Table 6: 

 

Table 6. Analysis of Polyethylene Samples as Obtained by XPS. Data Normalized Atomic % of Elements Above 

Atomic Number 2 within 40Ǻ of the Surface.  
 Carbon as: Nitrogen as: Oxygen as: 

Ionic 

Na 

Silicon as 
Sulfur 

as 

Sulfate 

Cl as 

Chloride 

Ionic 

K 

Ca as 

Carbon-

ate 
Sample 

C-

C, 

H 

C-

O 

C=

O 

O-

C=O 

NO/ 

Nitri

de 

Organic 
Quar-

ternary 
C=O        C-O Silicate 

Si 

O2 

Untreated 

PE 
82.9 4.3 1.7 1.0 0.1 0.7 0.1 4.0 2.3 1.4 0.3 0.1 0.1 0.3 0.6 0.2 

Treated 

PE 
70.4 7.9 3.1 2.3 - 1.7 0.5 5.3 7.7 0.1 0.2 0.8 - - - - 

 



Surface tension as also measured using dyne surface wetting solutions and with a contact angle meter, summarized in 

Table 7: 

 

Table 7. Surface Tension of Untreated and Treated (Cleaned) PE 

Sample 
Pre-Treat  

Dynes/cm 

Pre-Treat 

Contact Angle 

Untreated PE 32 98° 

Treated PE 44 50° 

 

Discussion and Conclusion 

The data clearly indicates that oleamide surface contamination as represented by its chemical elements was removed, and 

increased levels of C/O species and total nitrogen components were realized. The latter were expected, given the high 

density of ionized nitrogen radicals generated by the DDBD atmospheric plasma cleaning process conducted within an 

ambient air environment.   
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