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I. Introduction 

A. Flexible encapsulation foil 

The development of flexible electronics can be dated back to the 1960s. The first 
flexible solar cell arrays were made by thinning single crystal silicon wafer cells to 
~100 µm and then assembling them on a plastic substrate to provide flexibility 1. In the 
past five decades, flexible electronics in its myriad forms has underpinned much of the 
technological innovation in the fields of human interactivity, computation, displays, 
energy generation and storage as well as electronic textiles 2. According to a new 
market survey report published by Markets and Markets, the total market of flexible 
electronics is expected to reach $40.37 Billion by 2023 3.  

Flexible electronics are an innovative array of devices e.g. electronic paper, flexible 
solar cells, quantum dot liquid crystal displays (QDLCDs), organic light-emitting diodes 
(OLEDs). Due to their particular chemical nature, the main components of flexible 
electronics are vulnerable to oxidation and crystallisation upon exposure to 
environmental moisture and oxygen 4. Therefore, the incorporation of a flexible 
encapsulating foil is essential in order to extend the lifetime of these devices, see Figure 
1. The flexible encapsulation foils typically consist of single or multi layers of inorganic 
thin films e.g. silicon nitride (SiNx), alumina (Al2O3) or silica (SiO2) deposited on 
flexible polymeric substrates e.g. polyethylene terephthalate (PET), polyethylene 
naphthalate (PEN) or polycarbonate (PC) via different deposition methods e.g. 
sputtering 5–7, atomic layer deposition (ALD) 8–13 or plasma enhanced chemical vapour 
deposition (PECVD) 14–22. These flexible encapsulation foils should have excellent

 

 

Encapsulation foil

Encapsulation foil

Weather (UV) 
resistant sheet

Solar cell

Back sheet

 

Figure 1: Structure of a flexible solar cell panel 
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functional properties e.g. a low permeability of water and oxygen. Besides, they should 
also fulfil a specific set of requirements in terms of optical, smoothness, thermal, 
chemical, mechanical, electrical and magnetic properties 1. Moreover, 
commercialization of the flexible encapsulation foils requires easier and continuous 
processing, a larger scale production, a higher throughput and a lower cost.  

B. AP-PECVD 

Atmospheric pressure plasma enhanced chemical vapour deposition (AP-PECVD) is a 
novel technology to potentially achieve the industrial targets for commercial 
manufacturing of flexible encapsulation foils. It could enable a precise control of the 
barrier layer properties e.g. thickness, density, porosity and morphology that 
determine the final encapsulating performance of the foils 21. Meanwhile, due to its 
capability of in-line processing in an open reactor under atmospheric pressure, 
expensive large-footprint vacuum equipment can be avoided, and thus a considerable 
cost efficiency can be achieved in comparison to the common low-pressure plasma 
technology 17. In addition, the AP-PECVD process is characterized by a high deposition 
rate combined with a high energy flux on the substrate, a small deposition head foot 
print, and the capability of roll-to-roll processing. 

 

 

 

Figure 2: AP-PECVD process on polymeric substrate using organo-silicon precursor in 
O2/N2/Ar gas mixture. 
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However, the thin film deposition process by means of AP-PECVD is rather complex as 
a variety of radicals e.g. electrons, ions, photons, metastables, excited states of atoms 
and molecules are generated in the plasma, and complicated interactions occur 
simultaneously between the plasma radicals, the polymeric substrate and the organic 
precursor during the film growth 17,22, see Figure 2. From atomic force microscopy 
(AFM) and scanning electron microscopy (SEM) analysis of the deposited films, distinct 
regimes of plasma-polymer interactions along the electrodes were identified, and a 
competition between deposition and etching was suggested during the thin film 
growth 22. For AP-PECVD, the properties (e.g. chemical structure and morphology) of 
the deposited thin films are closely related to the regimes and the parameters of 
discharge 17. To produce high quality encapsulation foils at a large scale and a low cost, 
a large area uniform non-thermal plasma source with a high power density is required.  

C. Dielectric barrier discharge 

The dielectric barrier discharge (DBD) is a common way to create a large area non-
thermal plasma for AP-PECVD 17,23. In a standard DBD system, the discharge is ignited 
by applying an alternative voltage between two conductive electrodes with at least one 
electrode covered with a dielectric layer 23–25. The dielectrics trap charges on the 
surfaces during a discharge pulse which in turn generates a self-induced electric field 
in the gas gap that inhibits the glow-to-arc transition of the discharge 23,26. Compared 
to the other sources of atmospheric-pressure plasma e.g. corona discharge and 
atmospheric-pressure plasma jet (APPJ), the DBD is characterized by low gas 
consumption, a considerably high specific power density and strong potential for up 
scaling 27. However, an atmospheric-pressure DBD is typically filamentary resulting in 
a strong spatial non-uniformity of the plasma restricting its use for demanding 
applications e.g. deposition of high quality thin films. The less common diffuse modes 
of the AP-DBD expand the novel application fields in plasma-assisted surface 
engineering and are therefore in focus of scientific and industrial interest 27–36.  

Since 1988, Okazaki et al. reported a diffuse plasma generation of the homogeneous 
DBD in different reactor configurations, which at first was limited to helium 28,30,31. In 
parallel, since 1992 in France, Massines et al. have focused on the underlying plasma 
physics in helium 32,37 and nitrogen 38,39 and the applications to surface treatment 33,40 
and thin film deposition 17,41–43. In the US, a similar type of plasma source named one 
atmosphere uniform glow discharge plasma (OAUGDP) was developed and studied by 
Roth et al. for sterilization 34,35 and gas flow control applications 44,45. In Russia, 
Golubovskii et al. carried out a series of studies on the numerical modeling and 
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theoretical analysis of the homogeneous DBDs with the emphasis on stability issues 46–

53. In Germany, Brandenburg et al. have investigated the discharge mechanism and the 
transition between diffuse and filamentary modes of DBDs at atmospheric pressure 
50,54–59. In Italy, Fanelli et al. have studied the detailed plasma chemistry during the thin 
film deposition using atmospheric pressure DBDs 18,60–62.

Particularly, in recent years, researchers from DIFFER, FUJIFILM and Eindhoven 
University of Technology obtained a high-current diffuse DBD between cylindrical 
rotary electrodes in atmospheric-pressure low cost N2/O2/Ar gas mixtures 27,36,63,64, as 
depicted in Figure 3. According to the fast imaging analysis, the discharge is initiated 
by a low-current “Townsend-like” mode, and transits into a high-current “glow-like” 
mode which is first formed at one or several locations and then laterally expanding 
along the electrodes 27,63,64, see Figure 4. Using this discharge as the plasma source, the 
deposition of thin silica-like barrier layers on polymeric substrates has been 
extensively studied in a roll-to-roll AP-PECVD configuration 15,16,20,22,65–67. Despite the 
spatial-temporal non-uniformity of the plasma, the deposited thin films are uniform on 
large spatial length scales (mm to m), while the roughness of the layers is the same as 
that of the polymeric substrate (1-2 nm) 36, see Figure 5. Furthermore, by using a 

 

Figure 3: An atmospheric pressure diffuse DBD between cylindrical rotary electrodes for 
deposition of silica-like moisture barrier films on polymer foil. The discharge was operated in 

O2/N2/Ar gas mixture with the addition of TEOS 95. 
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multilayer construction, the defects in the deposited silica layers can be reduced, thus 
the performance and the processing throughput can be significantly enhanced 65. The 
bilayer films consisting of a 30 nm barrier layer and 100 nm buffer layer demonstrated 
exceptionally low effective water vapour transmission rate (WVTR) in the region of  
210-4 g m-2 day-1 68. 

 

Figure 4: Time evolution of the atmospheric pressure barrier discharge recorded by an 
ICCD camera during positive (left) and negative (right) half cycle of the applied AC 

voltage. The exposure time is 10 ns for each frame. The number on the images 
corresponds to the time (in ns scale) after the gas breakdown 64.  
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II. Objectives of the research 

To bring the novel AP-PECVD technology from the laboratory to a commercial 
manufacturing phase, still a great effort is needed to further improve the barrier 
performance for flexible OLEDs (with a more demanding WVTR requirement) and to 
enhance the throughput of the functional thin films. In the deposition process, it was 
found that an increased plasma power density is required to enhance the deposition 
rate and thus the throughput of the thin films. Moreover, a higher power density allows 
the synthesis of silica-like films with an improved microstructure and a lower impurity 
level resulting in excellent gas diffusion barrier properties 29,65.  

However, when the input plasma power increases, one of the biggest challenges is to 
prevent the transition from a uniform discharge into a filamentary discharge 69 or even 
an arc, see Figure 6. The occurrence of an arc is usually accompanied by a high current 
density, an ultra-bright light emission and a local high temperature, which in turn may 
lead to electrical circuit damage, polymeric substrate burning, surface pollution or 
even damage to the electrode. Therefore, a novel technology to increase the plasma 
power and maintain a homogeneous mode is urgently required. Additionally, to realize 
the industrial targets for commercialization of AP-PECVD, the fundamental principles 
of AP-PECVD e.g. plasma physics, plasma-polymer interactions and thin film deposition 

 

(a)                                                                                           (b) 

Figure 5: AFM scan images of (a) bare PEN substrate, rms roughness: 1.38 ± 0.07 nm and (b) 
330 nm thick silica-like film deposited at 1.2 g/hr of HMDSO mass flow rate in air discharge, 

rms roughness: 1.33 ± 0.09 nm 36. 
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mechanism, also require a deeper understanding.  

Hence, the following research objectives should be achieved with the aim to obtain 
greater insight into the atmospheric-pressure DBD and thus the PECVD processes: 

1. To identify the interactions between the atmospheric-pressure oxygen-
containing plasma and the polymeric substrates during the PECVD process; 

2. To understand the spatial-temporal excitation/ionization dynamics and the 
plasma generation mechanism in AP-DBDs; 

3. To acquire a deeper understanding of the physical and chemical processes in 
AP-DBDs, and to search for possible methods to control the plasma 
parameters; 

4. To explore potential approaches to improve the efficiency of the plasma-
assisted surface processing, and thus to enhance the throughput of the 
functional thin films. 

 

 

(a)

(b)

(c)

(d)

 

Figure 6: Time-integrated images of (a) a diffuse discharge, (b) a filamentary discharge 183, 
(c) a high-current arc and (d) destroyed polymeric substrate due to an arc. 
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III. Research approach and outline of the thesis 

In this thesis, the following research approach is utilized to accomplish the research 
objectives: 

1. Unravel the complex gas phase chemical processes of the plasma-polymer 
interactions in a roll-to-roll AP-DBD configuration under etching and 
deposition conditions using ex-situ gas-phase Fourier transform infrared 
absorption spectroscopy; 

2. Develop a dual-frequency (DF) power system as the plasma source for AP-
PECVD, experimentally study the DF excitation mechanism, and prove the 
novelty of the DF excitation in improving the plasma uniformity of AP-DBDs 
at an increased power; 

3. Verify the experimental results in 2. using numerical simulation, give insight 
into the DF plasma dynamics e.g. electric field, sheath edge profiles, 
ionization/excitation rate and EEDF profiles; 

4. Utilize the insights in 1., 2. and 3. to gain a better control over the plasma 
parameters and the thin film growth, with the aim to improve the plasma-
assisted processing efficiency and to apply the technology to the other 
relevant fields. 

The experimental work in this thesis was carried out at Tilburg Research Laboratory 
in FUJIFILM Manufacturing Europe B.V. The numerical simulation was accomplished 
in collaboration with Elementary Processes in Gas Discharges (EPG) group from 
Eindhoven University of Technology (TU/e) utilizing the plasma modelling platform 
PLASIMO. All the scientific work in this thesis was supported by the Industrial 
Partnership Programme i31 (APFF) that is carried out under an agreement between 
FUJIFILM Manufacturing Europe B.V. and the Netherlands Organisation for Scientific 
Research (NWO).

The scientific results have been published as separate peer-reviewed journal articles. 
Each article is presented as a chapter in Part B in this thesis. Chapter 1 discusses the 
infrared gas phase studies on the chemistry process of the plasma-polymer 
interactions in a roll-to-roll AP-DBD configuration. Chapter 2 presents the detailed 
experimental analysis of the excitation mechanisms of low frequency (LF, 200 kHz), 
radio frequency (RF, 13.56 MHz) and dual frequency (DF, 200 kHz + 13.56 MHz) 
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discharges. In Chapter 3, the DF excitation is reported as a novel approach to improve 
the uniformity of atmospheric-pressure DBDs and thus the efficiency of plasma-
assisted processing. The numerical simulation of the DF discharges is exhibited in 
Chapter 4, which gives insight into the DF plasma dynamics e.g. electric field, sheath 
edge profiles, ionization/excitation rate and EEDF profiles. Finally, the 200 kHz/13.56 
MHz DF excitation was employed as the plasma source for AP-PECVD, and the 
deposited silica-like thin film properties are characterized with the state-of-the-art 
methods, as demonstrated in Chapter 5. 

The chapters in Part B are outlined as follows: 

Chapter 1. Infrared gas phase studies on plasma-polymer interactions in high-
current dielectric barrier discharge  

Y. Liu, S.Welzel, S. A. Starostin, M. C. M. van de Sanden, R. Engeln and H. 
W. de Vries, Journal of Applied Physics, 2017, 121: 243301. 

Chapter 2. Atmospheric-pressure diffuse dielectric barrier discharges in Ar/O2 gas 
mixture using 200 kHz/13.56 MHz dual frequency excitation 

Y. Liu, S. A. Starostin, F. J. J. Peeters, M. C. M. van de Sanden and H. W. de 
Vries, Journal of Physics D: Applied Physics, 2018, 51: 114002. 

Chapter 3. Improving uniformity of atmospheric-pressure dielectric barrier 
discharges using dual frequency excitation 

Y. Liu, F. J. J. Peeters, S. A. Starostin, M. C. M. van de Sanden and H. W. de 
Vries, Plasma Sources Science and Technology, 2018, 27: 01LT01. 

Chapter 4. Numerical simulation of atmospheric-pressure 200 kHz/13.56 MHz dual-
frequency dielectric barrier discharges 

Y. Liu, K. van ‘t Veer, F. J. J. Peeters, D. B. Mihailova, J. van Dijk, S. A. 
Starostin, M. C. M. van de Sanden and H. W. de Vries, Plasma Sources 
Science and Technology, accepted for publication. 

Chapter 5. Atmospheric-pressure silica-like thin film deposition using 200 kHz/13.56 
MHz dual-frequency excitation 

Y. Liu, F. M. Elam, E. Zoethout, S. A. Starostin, M. C. M. van de Sanden and 
H. W. de Vries, submitted to Plasma Processes and Polymers. 
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IV. Overview of the research  

A. Research methods 

i. Roll-to-roll AP-DBD reactor 

The experimental research in this work was carried out utilizing the home-made 
atmospheric-pressure roll-to-roll dielectric barrier discharge reactors “FS-2” and “FS-
D”. A schematic representation of FS-D is illustrated in Figure 7. The plasma was ignited 
between a flat bottom electrode with a length of 100 mm and a width of 45 mm and a 
curved top electrode with a radius of 60 mm and a width of 45 mm. Both the electrodes 
were covered by ~100 µm polymeric foils (PET or PEN) as the dielectrics. The 
electrode temperature was controlled by an oil circulation system (30-80 ℃). The 
distance between the two electrodes was adjustable (usually from 0.5 to a few mm). 
The substrates were transported at a certain speed (from 0 to a few hundred mm/min) 
by the roll-to-roll system. The gas mixture (Ar/O2/N2) was injected from the left side 
of the discharge area, and the gas flow rate was controlled by a flow meter 
(Bronkhorst). The DBD was excited by the single low frequency (LF) voltage at 200 kHz 
(L1001, SEREN IPS Inc.), single radio frequency (RF) voltage at 13.56 MHz (R601, 

 

 

Figure 7: Schematic of atmospheric-pressure roll-to-roll dielectric barrier discharge reactor 
(FS-D). 
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SEREN IPS Inc.) and dual frequency (DF, LF+RF) excitation through a home-made 
matching circuit. The tunable matching network helps to stabilize the discharge and to 
reduce the reflected power. To control the power load to the plasma, the injected 
power was modulated by a pulse generator with a few hundred µs pulse width and 10% 
- 90% duty cycle. 

ii. Plasma diagnostics 

The electrical characteristics, i.e. discharge voltage and current were measured by a 
high voltage probe (P6015A，Tektronix Inc.) with 75 MHz bandwidth and a current 
monitor (Model 4100, Pearson Electronics Inc.) with 35 MHz bandwidth, respectively. 
The time-integrated emission from the front view of the discharge area was monitored 
by a digital camera (OM-D E-M10 Mark II, Olympus Inc.). An intensified charge-coupled 
device (ICCD) camera (PI MAX3, Princeton Instrument Inc.), triggered by the applied 
voltage, was employed to collect the time-resolved discharge emission from the side 
view of the gas gap with a macro lens (AF 90 mm, Tamron Inc.). By mounting a spectral 
filter (750FS10-50, Andover Corporation) at 750 nm with 10 nm bandwidth in front of 
the camera, the emission lines of Ar 2p1 and Ar 2p5 excited states (750.4 nm and 751.5 
nm), can be discriminated from the complete spectrum. To study the molecule 
production mechanism, the exhaust gas from the discharge was studied using a high-
resolution ex-situ Fourier-transform infrared (FTIR) spectrometer (IFS 66/s, Bruker 
Inc.) in the range from 3000 to 750 cm-1. A particle counter (SOLAIR 1100 PLUS, 
Lighthouse) with 0.1 µm sensitivity was mounted about 20 cm downstream the plasma 
reactor to detect the particles after the etching. 

iii. Numerical simulation 

To give insight into the plasma dynamics, a time-dependent one-dimensional (1D) 
drift-diffusion model with the plasma platform PLASIMO 70–72, was employed to study 
the AP-DBDs in argon. Detailed description of the model can be found in Chapter 4 in 
Part B. In this study, four species (i.e. electrons, Ar+, Ar2+ and Ar metastables) were 
considered in the description of the argon plasma kinetic. The ion mobility was 
experimentally determined as function of the reduced electric field 73. The diffusion 
coefficient for Ar metastables was calculated using a collision integral method 74, which 
was evaluated at the gas temperature. The electron mobility was calculated as a 
function of the mean electron energy from the EEDF using Boltzmann solver BOLSIG+ 
75, from which the chemical reaction rate coefficients involving electrons were 
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obtained. Unlike the practical setup with a non-uniform electrode configuration 
(Figure 7), in the simulation a conventional DBD system with two parallel electrodes 
was used. Both the electrodes were covered by an insulating layer with a thickness of 
0.1 mm and a dielectric constant of 3.4. The discharge was generated in an effective 
discharge area of 1 m1 m with a narrow gas gap of 1.0 mm. One electrode was 
grounded, while the other one was driven by a DF voltage composed of 200 kHz LF and 
13.56 MHz RF waveforms. The gas temperature was fixed at Tg = 450 K 76. The 
secondary electron emission coefficient (γ) was set to 0.07 77.  

iv. Material characterization 

For the deposition, the liquid organosilicon precursor was vaporized and transported 
into the discharge area through a bubbler by an argon flow. Two different precursors 
were generally used: tetraethyl orthosilicate (Si(OC2H5)4, TEOS) and 
hexamethyldisiloxane (O(Si(CH3)3)2, HMDSO). The resulting silica-like thin film 
properties were characterized by several material analysis techniques. The surface 
morphology was analysed using atomic force microscopy (AFM) (Park NX10, Park 
Systems), interferometric microscopy (IM) (Wyko NT9100 Optical Profiling System, 
Veeco Instruments Inc.) and dual-beam focused ion beam scanning electron 
microscopy (FIB-SEM) (Nova 600i Nanolab, FEI Company). The elemental composition 
was obtained from the specimen surfaces by X-ray photoelectron spectroscopy (XPS) 
(K-Alpha, Thermo Fisher Scientific). The microstructure of the deposited barrier layers 
was measured by attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 
absorption spectroscopy using un-polarized light (Frontier FT-IR/FIR Spectrometer, 
PerkinElmer; Frontier UATR Ge/Ge, PerkinElmer). 

B. Plasma-polymer interactions 

As previously introduced in Section I B, the AP-PECVD process is rather complex due 
to the continuous interactions e.g. etching and deposition between the plasma radicals, 
the polymeric substrates and the organic precursors 17,22. The plasma chemistry during 
the deposition process and thus the material properties largely depend on the plasma 
parameters 17. At the same time, the DBD evolution behaviour is also influenced by the 
surface properties of dielectrics 26. The surface which is on the cathode side during the 
current increase was on the anode side during the previous discharge and therefore 
was charged by an electron flux. These electrons, which are trapped in the dielectric 
shallow traps with the deepness of 1-2 eV 46, are easier to remove and therefore can be 
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considered as an external source of electrons that increases the secondary electron 
emission coefficient (γ) in the beginning of the discharge and contributes to stabilizing 
homogeneous plasma 26. In this thesis, the study is mainly focused on the interactions 
between the atmospheric-pressure oxygen-containing plasma and the polymeric 
substrates. An ex-situ FTIR measurement of the gas phase composition downstream 
the plasma was carried out to investigate the chemical processes in the plasma-
polymer interactions. Temporally-resolved emission ICCD images and numerical 
simulation of the plasma evolution were carried out to understand the effects of the 
plasma-polymer interactions on the discharge behaviour.  

i. Chemical processes of plasma-polymer interactions 

A typical infrared spectrum of the atmospheric-pressure air plasma with bare PEN 
substrate is presented in Figure 8(b). In the range of 3000 to 750 cm-1, both N- related 
species (HNO2, N2O, NO2, NO) and C-related species (HCOOH, CO, CO2) can be clearly 
identified in the absorption spectrum. To acquire quantitative information of the 
detected molecules from the absorption spectra, the transmission spectra of the 
molecules were calculated  according to the spectral line parameters given in the 
HITRAN and PNNL-NWIR databases 78,79. The relative density η (number of molecules 
to the total amount of species, ppm) of the detected molecules was estimated by 
(manually) comparing the calculated transmission spectra with the measured ones, 
see Figure 8.  

By varying the substrates (bare PEN or SiO2-coated PEN), strong interactions between 
the plasma and the polymer were identified, see Figure 9. Both the N-containing and 
the C-containing productions vary significantly under the two conditions. The N-
containing species are characterized by η(HNO2) ˂ η(N2O) ˂ η(NO2) ˂ η(NO) and 
reflect the information of the reactive species (e.g. O, O3, OH and HO2) in the plasma. 
In the case of plasma-polymer interactions, the reaction pathways of HxNyOz are 
shifted in the direction from NO to NO2 due to enhanced oxidation reactions. The C-
containing species are characterized by η(HCOOH) ˂ η(CO) ˂ η(CO2). The 
measurement of high rates of COx (x = 1, 2) species indicates strong interactions 
between the oxygen-containing plasma and the polymer (as is produced due to etching 
of PEN), as presented in Figure 10. The presence of HCOOH in the gas effluent, formed 
through plasma-chemical synthesis of COx 80, turns out to be a sensitive indicator for 
etching. The sources of COx are discussed in relation to oxidation of the background 
carbon pollution which contributes about 3000 ppm, whereas the etching of the bare 
PEN substrate contributes about 11000 ppm to the COx relative density. The estimated 
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values of COx cannot be totally explained on the basis of the amount of polymer 
removed by etching. It is argued that in the etching process small (less than 10 nm) 
partially oxidized polymer fragments are produced and agglomerate during transport 
in the gas flow forming bigger particles (> 100 nm) 81. The initially airborne particles 
may attach on the inner surface of the FTIR system (memory effect) and further 
decompose into COx species and thus artificially enhance the FTIR absorption signal. 
However, not much is known in the polymer interactions with the oxygen-containing 
plasma 82. Further studies and more systematic measurements are required to support 
this hypothesis. 

 

Figure 8: Identification of stable reaction products in atmospheric-pressure air plasma with 
bare PEN substrate: Transmission spectra in the case of (a) plasma off, (b) plasma on and 

(c) the calculated spectrum. 
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Figure 9: Relative densities in Ar/N2/O2 (1.0 slm/15 slm/2.0 slm) plasmas in contact with 
substrates of bare PEN and silica coated PEN foil.   

 

 

 

Figure 10: Interferometric microscopy of air plasma treated PEN in the area near the etching 
edge. The exposure time of PEN in the plasma is about 22.5 s. The step profile was measured in 

vertical scanning interferometry (VSI) mode. 
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By adding precursor (TEOS) in the plasma, two different regimes were identified. At 
increased precursor flows (above 150 ppm) the production of COx is dominated by 
precursor dissociation and a linear increase of the COx species can be directly 
correlated with the amount of carbon from the precursor combustion. At much lower 
precursor flows (less than 150 ppm), an etching-deposition regime transpires and 
etching becomes an increasingly dominant factor in the process.  

ii. Effects of plasma-polymer interactions on discharge 

As the strong interactions between the oxygen-containing plasma and the polymeric 
substrates were evidenced by the gas-phase infrared absorption spectroscopy, the 
surface properties of the dielectric substrates e.g. roughness are changed that would 
influence the discharge evolution behaviour. In order to understand the effects of the 
plasma-polymer interactions on the discharge, both experimental and numerical 
simulation were carried out to investigate the discharge evolution with different 
surface properties e.g. etching and roughening.  

By using the etching sensitive polymers (AGFA PET with subbing layer) as the 
dielectrics, the discharge evolution is obviously affected as the plasma tends to follow 
the dielectric transport direction, see Figure 11. The surface morphology of the 
polymeric substrates as a function of the exposure time was characterized using AFM 
(results not shown here). Due to the etching of the polymeric dielectric, the root-mean-
square (RMS) roughness increases significantly (from ~5 nm to ~65 nm) with an 
exposure time of ~20 s. The roughness increasing leads to an enhancement of the 
effective local surface area which, under these conditions, is almost doubled. The 
increased surface area allows a larger number of electrons to be deposited on the 
surface. These electrons could be liberated from the surface as initial electrons and 
contribute to the stabilization of the discharge with a lower breakdown voltage 46. 
Therefore, the secondary electron emission coefficient γ is enhanced 83. In this study, 
due to the polymer transport (~1 mm/s), the exposure time, the surface roughness and 
thus the γ profile of the surface are not uniform but gradually increase in the direction 
of the polymer transport. As a result, the following discharge tends to generate in the 
area where γ is higher, leading to the displacement of the discharge area, as depicted 
in Figure 11.  

By using pre-exposed AGFA PET as the dielectric, the surface roughness increases from 
~65 nm to ~80 nm in the plasma, while the effective surface area is relatively constant. 
The discharge evolution is not obviously influenced by the polymer transport direction.  
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However, due to the high value of γ, the discharge area is expanded compared to the 
pristine AGFA PET. By using PEN as the dielectric, neither the surface roughness nor 
the effective surface area is obviously changed. The distribution of γ and thus the 
discharge evolution is not obviously influenced by the polymer transport direction.        

Furthermore, using a two-dimensional (2D) drift-diffusion model, the discharge 
evolution process with a spatially non-uniform distribution of γ (0.01 to 0.07) was 
investigated. In a stationary state discharge, the discharge is ignited close to the centre 
of the electrodes where the gap distance is short, and thus the electric field is high. 
However, the discharge area is not symmetrical but tends to ignite in the area where γ 
is higher, see Figure 12. This behaviour is therefore in a good agreement with the 
experimental results in Figure 11, indicating a dependence of the discharge evolution 
on the surface properties i.e. γ in this study. With an increased γ, more charges can be 
accumulated on the dielectric surface which can be liberated as initial electrons when 
the dielectric acts as a cathode. This helps to reduce the breakdown voltage and 
therefore leads to the earlier ignition. As a result, the ionization/excitation rate 
presents an asymmetrical structure as a function of γ distribution (0.01-0.07), see 
Figure 12. 

  

                                                (a)                                                                                (b) 

Figure 11: Discharge emission after the first breakdown with the pristine PET coated by a 
subbing layer transporting (a) forward (50 mm/min) and (b) backward (-50 mm/min). The 

exposure time of each image is 1.6 ms. 
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C. Dual frequency (DF) plasma 

As mentioned in Section II, to achieve the industrial target for commercial 
manufacturing of the functional thin films, the plasma-assisted surface processing 
efficiency of AP-PECVD needs to be further enhanced. In this work, a DF excitation 
consisting of 200 kHz LF and 13.56 MHz RF voltages was developed as the plasma 
source for AP-PECVD. The electron dynamics and the plasma generation mechanisms 
of the LF, RF and DF discharges were investigated. In particular, the DF excitation was 
suggested as an effective approach to improve the uniformity and stability of AP-DBDs. 
Furthermore, insight into the plasma dynamics e.g. the electric field, the 
ionization/excitation rate, the sheath edge profiles and the electron energy 
distribution function (EEDF) profiles of the DF discharges was given by the numerical 
simulation using PLASIMO. Finally, the DF plasma was employed as the plasma source 
for AP-PECVD, and the resulting silica-like thin film properties e.g. chemical 
composition and surface morphology were characterized with state-of-the-art 
methods. 

 

Figure 12: Spatial distribution of (a) reduced electric field, (b) electron density, (c) direct 
ionization rate and (d) excitation rate averaged within one cycle (5 µs). The secondary 

electron emission coefficient (γ) gradually increases from left (0.01) to right (0.07). 
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i. LF vs RF vs DF discharge 

Detailed excitation mechanisms of the single LF (200 kHz) discharge, the single RF 
(13.56 MHz) discharge and the DF (200 kHz + 13.56 MHz) discharges with different 
power composition were investigated. The time-integrated emissions show that the 
discharges remain homogeneous and filament-free under all the tested conditions, see 
Figure 13. The LF discharge is characterized as operating in “glow-like” mode with 
maximal emission intensity close to the electrodes. The RF discharge at a low power is 
identified as α mode with two layers, indicating the electron heating at the interface 
between the sheath and the bulk 84. At a higher power, the RF discharge transits into 
the α-γ coexisting mode with two extra luminous layers restricted to the region near 
the centre of the electrodes. The DF discharge however largely depends on the power 
composition: With a high LF power and a low RF power, the discharge is similar to the 
LF discharge but with a higher maximal and total intensity. With a low LF power and a 
high RF power, the discharge area is more expanded around the centre of the 
electrodes and has a much higher intensity than the α mode RF discharge. Under the 
condition with a comparable high amplitude of the LF and RF power, the discharge 
intensity is enhanced in both the bulk and the regions adjacent to the electrodes.  

 

 

Figure 13: Integrated discharge emission of Ar (750.4 nm and 751.5 nm) with 8 ms exposure 
time for LF, RF and DF discharges. Both the maximal and the total emission intensities are 

normalized to those of the LF discharge. The dashed region corresponds to the discharge area. 

 



22                                                                   Part A.  Framework and Overview of the Research 
 

 

In addition, the spatiotemporal electron impact excitation of the DF discharges was 
determined from the phase resolved optical emission spectroscopy (PROES) according 
to the method introduced in Ref 85. Depending on the amplitude ratio of the LF and RF 
signals, the excitation dynamics and the discharge mechanism are expected to exhibit 
a different behaviour, see Figure 14. The DF discharge depends on the local electric 
field determined by the total gas voltage (ULF + URF) and the ion distribution which 
mainly responds to the LF component. By applying a low RF power to the LF power, 
the plasma uniformity can be improved by temporally modifying the electric field, 
which helps to slow down the discharge development and avoid the ionization level to 
be too high. By applying a low LF power to the RF power, the ion flux and the electron 
energy in the sheath region can be manipulated. This helps to increase the 
concentration of reactive species in the boundary layer of the electrode and to enhance 
the plasma chemistry compared to a single RF discharge. With comparable LF and RF 

 

 

Figure 14: Phase and space resolved electron impact excitation of the DF discharges within 
one LF cycle (5 µs): (a) PLF = 115 W and PRF = 13 W, (a) PLF = 10 W and PRF = 107 W and (c) 

PLF = 95 W and PRF = 100 W. 
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power, the DF excitation exhibits the characteristics of both the LF and RF discharge, 
namely, a strong excitation/ionization near the instantaneous cathode, and an 
extended discharge period. Therefore, the single LF or RF discharge exhibits limited 
modification of the excitation dynamics. The DF excitation however reveals the 
capability of modifying the electric field and thus the EEDF 86. The DF excitation can be 
a potential approach to enhance the efficiency of surface functionalization or the 
productivity of thin film deposition via PECVD. Furthermore, the DF discharge can also 
bring a substantial advantage in the plasma-assisted gas phase chemical  conversion in 
which high energy efficiency and high conversion efficiency are needed 87,88.  

 ii. DF excitation to improve DBD uniformity 

In order to improve the throughput and permeation performance of the functional thin 
films, an increased input power of DBD is highly required. At the same time, the plasma 
should maintain in a uniform mode without generating any filament or high-current 
arc. It is known that to get a stable DBD, during the breakdown the secondary electron 
emission at the cathode (γ emission), related to the negative surface charge of the 
dielectric 39,46, the trapped ions in the gas 32 and the long-lived metastables 89, has to be 
enhanced compared to the ionization in the gas bulk (α ionization) 26. During the 
discharge development, the ionization has to be slow enough to avoid a large electronic 
avalanche. This can be achieved by enhancing the multi-step ionization process e.g. 
Penning ionization 38 and by reducing the gas  voltage as soon as or before the 
ionization level becomes high enough to localize the electric field 90.  

Here we used the DF excitation as an approach to improve the uniformity of AP-DBDs 
at an increased power, which is evidenced by the time-integrated discharge emission 
in Figure 15. The single LF discharge (URF = 0 kV) is non-uniform with numerous 
filaments appearing in the discharge area (Figure 15(a)). With URF increasing, the 
uniformity of the discharge is gradually improved, and filaments can be hardly seen in 
Figure 15(d). The mechanism of the DF excitation was further investigated according 
to the electrical characteristics and the phase-resolved excitation. It was found that in 
the DF discharge, due to the RF oscillation, the electric field in the gas gap is temporally 
modulated i.e. enhanced during the positive half cycle and weakened during the 
negative half cycle of the RF voltage, leading to a temporally synchronous oscillation of 
the electron acceleration and thus the gas ionization. As a result, the ionization 
propagation within the LF cycle is slowed down, as confirmed by the decreasing 
amplitude and increasing duration of the averaged discharge current (results not 
shown here). With a  slower discharge development, a large electronic avalanche and 
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thus a filamentary discharge can be avoided 26. Hence, the RF modulation can be an 
effective approach to improve the stability and uniformity of the discharge. 
Furthermore an increased URF also allows a higher input power together with a higher 
discharge emission intensity and thus a higher plasma-assisted processing efficiency.  

iii. Numerical simulation of DF plasma 

To gain a better understanding of the physical and chemical processes in the DF excited 
plasmas, a time-dependent, one-dimensional drift-diffusion model was employed to 
study the electrical characteristics and the plasma parameters. The simulation was 
carried out using pure argon as the working gas to simplify the discussion and 
compared with the experimental work. The numerical simulation gives insight into the 
DF plasma dynamics e.g. the electric field, the sheath edge profiles, the 
ionization/excitation rate and the EEDF profiles. A good agreement between the 
experimental emission and the simulated excitation rate profiles is found in both LF 
and DF discharges, as presented in Figure 16. The ionization rate is a few times lower 

 

Figure 15: Time-integrated front-view discharge emission with LF voltage of ~ 2.2 kV and RF 
voltage amplitude of (a) 0 kV, (b) 0.26 kV, (c) 0.46 kV and (d) 0.58 kV. The exposure time of 

each image is 4 ms. The gas mixture is Ar/O2/N2 with the flow rate of 5 slm/1 slm/1 slm 
(standard litre per minute). 
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than the excitation rate and can only be observed inside the sheath. From the density 
weighted electron energy distribution functions (EEDFs) in Figure 17, with URF 
increasing, the high energy tail of the EEDFs above 13.5 eV is not obviously influenced, 
while the energy range below 13.5 eV exhibits a significant enhancement. Since the 
ionization threshold of Ar (15.8 eV) is much higher than the excitation threshold (11.5 

 

Figure 16: Phase and space resolved electric field (first row), power absorbed by electrons 
(second row), direct ionization rate (third row), excitation rate (fourth row) and experimental 
discharge emission (fifth row). Left column: LF discharge with ULF = 1000 V, right column: DF 

discharge with ULF = 1000 V and URF = 250 V. The solid lines indicate the sheath edges.  
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eV), the excitation rate therefore experiences a more pronounced enhancement than 
the ionization rate with URF increasing. The DF excitation therefore exhibits a 
capability of modifying the time-dependent EEDF, which provides a further approach 
to control the plasma chemical kinetics and can be applied to the other relevant fields 
e.g. gas phase chemical conversion.  

iv. DF plasma-assisted thin film deposition 

Utilizing the 200 kHz/13.56 MHz DF excitation as the plasma source and HMDSO as the 
precursor, silica-like thin films were deposited on PEN substrate. The plasma 
behaviours i.e. the electrical characteristics and the discharge emission together with 
the thin film properties i.e. the intrinsic chemical structure and the surface morphology 
were investigated. With an increased input power, the discharge intensity is gradually 
enhanced. The discharge area and the plasma uniformity however are largely affected 
by the power composition. The single LF discharge gradually expands with the input 
power due to the lateral electric field. Filaments are observed under all conditions 
especially near the boundaries where the gas gap is larger and the plasma density is 
lower. These filaments are strongly non-uniform and can locally heat and damage the 
forming film 17, leading to the formation of macro-defects such as pinholes in the 
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Figure 17: Electron energy distribution function (EEDF) of the DF discharges as a function 
of URF. 
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deposited thin films that limit the barrier permeation performance 68. For the DF 
discharges, with the RF power increasing, the lateral discharge area expansion is 
limited. The emission intensity is more obviously enhanced in the bulk region, while 
the discharge uniformity is obviously improved as the filament is almost invisible even 
in the boundary areas. The DF excitation therefore can be an effective approach to 
further enhance the deposition rate as well as the barrier permeation performance 
with less macro-defects.  

The resulting silica-like thin films were characterized using un-polarized ATR-FTIR 
absorption spectroscopy, see Figure 18. With the input power increasing, a more 
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Figure 18: Normalized un-polarized ATR-FTIR absorption spectra of the deposited silica-like 
thin films in the range of 1300-700 cm-1: (a) single LF discharges, PLF = 100-200 W, (b) DF 

discharges, PLF = 100 W, PRF = 0-100 W and (c) LF (PLF = 200 W, PRF = 0 W) vs DF (PLF = 100 W, 
PRF = 100 W). 

 



28                                                                   Part A.  Framework and Overview of the Research 
 

 

efficient oxidation process of the methyl (CH3) groups is observed as evidenced by a 
reduction of hydrocarbon groups and an increase of silicon and carbon oxides groups. 
It is known that an increased input power causes a higher  gas temperature, resulting 
in a decrease in the content of carbon and hydrogen and  an increase of the oxygen-to-
silicon ratio in the films 91. In addition, an higher power also leads to a higher electron 
density, which causes a more efficient HMDSO depletion by electron impact and 
(multiple) breaking of the comparably weak Si-CH3 bonds 92. For the DF excitation, the 
high frequency voltage allows to trap the electrons in the plasma bulk with less 
electron loss at the surface, which helps to maintain a higher plasma density 93 and 
leads to more power coupled into elastic collisions and therefore a higher gas 
temperature 94. As a result, the DF excitation contributes to a more efficient breaking 
of Si-CH3 bonds and thus a more oxidized and crosslinked thin film, which is further 
evidenced by the SEM images, see Figure 19.  

 

Figure 19: Scanning electron microscopy (SEM) images illustrating the surface morphology 
of the deposited silica-like thin films: (a) PLF = 125 W, PRF = 0 W, (b) PLF = 200 W, PRF = 0 W, (c) 

PLF = 100 W, PRF = 25 W and (d) PLF = 100 W, PRF = 100 W. 
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V. Conclusions and outlook 

In this thesis, detailed investigation on the plasma-polymer interactions, the plasma 
generation mechanism and the resulting thin film properties was carried out using 
experimental, numerical simulation and state-of-the-art material characterization 
methods. The thesis has provided insights into atmospheric-pressure DBDs for 
functional thin film deposition on polymeric substrates. A summary of the main 
conclusions in conjunction with the research objectives proposed in Section II is 
provided as follows. 

1. To identify the interactions between the atmospheric-pressure oxygen-containing 
plasma and the polymeric substrates during the PECVD process 

Quantitative measurement of the stable molecules from the exhaust of the DBDs was 
carried out using an ex-situ gas-phase FTIR absorption spectrometer. The molecule 
production mechanisms and the gas phase chemical processes under etching and 
deposition conditions were investigated. By varying the gas composition and the 
substrates, strong interactions between the oxygen-containing plasma and the 
polymeric substrates were identified as evidenced by a high COx (x = 1, 2) production 
and a significant etching rate determined by interferometric microscopy. The plasma-
polymer interactions can change the dielectric surface properties e.g. roughness, 
leading to an increased secondary electron emission coefficient and greater charge 
accumulation on the surface. As a result, the discharge evolution process is influenced 
with a lower breakdown voltage and an earlier ignition. 

2. To understand the spatial-temporal excitation/ionization dynamics and the plasma 
generation mechanism in AP-DBDs 

A DF excitation consisting of 200 kHz LF voltage and 13.56 MHz RF voltage was 
developed as the plasma source for AP-PECVD. The electron dynamics and the plasma 
generation mechanisms of the LF, RF and DF discharges were investigated according 
to the electrical characteristics and the PROES with nanosecond time resolution. Either 
single LF discharge or single RF discharge exhibits limited modification of the 
excitation mechanism. The DF excitation however reveals the capability of temporally 
modifying the electric field and thus the electron energy distribution function (EEDF). 
The LF voltage results in a transient plasma with the formation of an electrode sheath 
and therefore a pronounced excitation near the substrate. The RF oscillation allows the 
electron trapping in the gas gap and helps to maintain a high plasma density. By tuning 
the amplitude ratio of the superimposed LF and RF signals, the electrical field and the 
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resulting electron acceleration and excitation/ionization mechanisms can be 
modulated.  

In particular, the DF excitation was suggested as an effective approach to improve the 
uniformity and stability of AP-DBDs. It was found that due to the periodic oscillation of 
the RF electric field, the electron acceleration and thus the gas ionization is temporally 
modulated, i.e. enhanced and weakened during each RF cycle. As a result, the discharge 
development is slowed down with a lower amplitude and a longer duration of the LF 
discharge current. Hence, the RF electric field facilitates improved stability and 
uniformity simultaneously allowing a higher input power. 

3. To acquire a deeper understanding of the physical and chemical processes in AP-DBDs, 
and to search for possible methods to control the plasma parameters 

A one-dimensional drift-diffusion model was utilized to study the physical and 
chemical processes of the DF plasmas. The simulated results exhibit an excellent 
agreement with the experimental results e.g. the electrical characteristics and the 
phase-resolved discharge emission. The plasma conductivity is increased with the RF 
voltage caused by the enhancement of the plasma density. Due to the RF oscillation, the 
electric field and the sheath edge are temporally modulated, leading to a time-varying 
ionization/excitation rate. With the RF voltage increasing, the averaged sheath is 
getting thinner with a more pronounced ionization rate and thus a higher production 
rate of the reactive species near the substrate. Additionally, the DF excitation exhibits 
a capability of modifying the time-dependent EEDFs.  

4. To explore potential approaches to improve the efficiency of the plasma-assisted 
surface processing, and thus to enhance the throughput of the functional thin films 

Utilizing the DF excitation as the plasma source and HMDSO as the precursor, silica-
like thin films were deposited on PEN substrate. The increase of LF power results in an 
expansion of the discharge area and the generation of filaments near the boundaries. 
By using a DF excitation, the lateral expansion of the discharge area is limited, instead 
the plasma density increases more in the bulk region. Furthermore, the DF excitation 
presents a capability of improving the plasma uniformity with less filaments, which 
could help to reduce the macro-defects and improve the permeation performance of 
the deposited barrier layers. According to the ATR-FTIR analysis, increasing input 
power leads to an improved microstructure of the silica barrier layers with less 
hydrocarbon units and more oxidized film structures. Due to the increased electron 
density and gas temperature, the DF excitation demonstrates a more efficient breaking 
of Si-CH3 bonds and a more crosslinked surface structures.  
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Regarding the further outlook, it needs to be noted that the effects of the plasma-
polymer interactions can be significant during the AP-PECVD process, which therefore 
should be taken into account to enable deposition of high quality functional thin films. 
Besides this, the plasma-polymer interactions results in the changing of the surface 
properties, which provides further modification of the discharge behaviour e.g. 
breakdown voltage, discharge area and so on. The DF excitation reveals capability of 
improving stability and uniformity of AP-DBDs at an increased input power. Therefore 
it can be an effective approach to enhance the efficiency of plasma-assisted surface 
processing, thus to further improve permeation performance and throughput of the 
functional barriers, and eventually to achieve the commercialization of the flexible 
encapsulation foils. Furthermore, due to the possibility of tuning the EEDF, the DF 
excitation also exhibits potential applications in other fields e.g. plasma-assisted gas 
phase chemical conversion and plasma catalysis. 
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Chapter 1. 

 
Infrared Gas Phase Study on Plasma-Polymer 
Interactions in High-Current Diffuse Dielectric 
Barrier Discharge * 

 

The exhaust gas from the high-current diffuse dielectric barrier discharges (DBDs) was 
studied using a high-resolution Fourier-transform infrared (FTIR) spectrometer in the range 
from 3000 to 750 cm-1 to unravel the plasma-polymer interactions. The absorption features of 
HxNyOz, COx, and HCOOH were identified, and the relative densities were deduced by fitting 
the absorption bands of the detected molecules. Strong interactions between plasma and 
polymer in precursor-free oxygen-containing gas mixtures were observed as evidenced by a 
high COx production. The presence of HCOOH in the gas effluent, formed through plasma-
chemical synthesis of COx, turns out to be a sensitive indicator for etching. By adding 
tetraethylorthosilicate (TEOS) precursor in the plasma, dramatic changes in the COx 

production were measured, and two distinct deposition regimes were identified.  At high 
precursor flows a good agreement with the precursor combustion and the COx production was 
observed, whereas at low precursor flows an etching-deposition regime transpires, and the 
COx production is dominated by polymer etching. 

                                                 
* Published as: Y. Liu, S. Welzel, S. A. Starostin, M. C. M. van de Sanden, R. Engeln and H. W. de 
Vries, Journal of Applied Physics, 2017, 121: 243301. 
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1.1. Introduction 

Atmospheric-pressure dielectric barrier discharge (DBD) is an excellent candidate for 
plasma enhanced chemical vapour deposition (PECVD) of functional thin films 17,23,95. 
In order to deposit uniform thin films, it is preferable to obtain homogeneous or “glow-
like” plasma under atmospheric pressure, which however is usually strongly limited 
by the use of a specific gas mixture, dissipated power, operation frequency, etc. 
26,32,36,43,60,62,65,96. In our previous research, a high-current “glow-like” discharge was 
obtained in air-like gas mixture of N2/Ar/O2 under atmospheric pressure 63. The 
uniformity of the plasma and the high power density make this technology of high 
applied value in surface treatment as well as in thin film deposition, and excellent SiO2-
like barrier layers on polymeric substrates have been achieved 15,36,95. Distinct regimes 
of plasma-polymer interactions along the electrodes were identified with AFM and 
SEM, and it was concluded that during the film growth process a competition between 
deposition and etching exists 22. It is well known that the deposition, or the 
polymerization process, is very complex as numerous intermediates such as ions and 
radicals are generated which can interact with the polymer surface 97.  

Quantitative measurements of the reactive species on their ground or excited states 
were carried out by different spectroscopic methods such as optical emission 
spectroscopy (OES), laser induced fluorescence (LIF) measurement, mass 
spectroscopy (MS), and ultraviolet (UV) and infrared (IR) absorption spectroscopy 
18,54,62,98–106. Using an ex-situ FTIR, Pipa et al. studied the composition of stable 
molecules from an atmospheric-pressure plasma jet (APPJ) operating in an argon-air 
mixture 98. The NO production shows a good agreement with other measurements by 
emission spectroscopy 107 while additional C-related molecules were attributed to 
plasma contact with the plastic holder of the APPJ.  

In this chapter, a high-current “glow-like” discharge was obtained in an open air roll-
to-roll system. Infrared gas-phase studies of the plasma exhaust gas were carried out 
using a high-resolution FTIR spectrometer. The relative densities of the stable species 
were deduced according to the fitting of the absorption bands of the detected 
molecules. By varying the gas composition and the substrate, the mechanisms of the 
molecule production under etching and deposition conditions were discussed. The 
purpose of the present study is to obtain a better understanding of the gas phase 
chemical processes with a particular focus on the plasma-polymer interactions.  
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1.2. Experimental setup 

The schematic pictures of the roll-to-roll plasma reactor with the gas sampling 
arrangement and the FTIR absorption measurement system are presented in Figure 
1.1(a) and (b), respectively. In Figure 1.1(a), the discharge was ignited between two 
curved copper electrodes with a radius of 120 mm and a width of 150 mm, both 
covered by polymeric substrates (polyethylene 2,6 naphthalate, or PEN) of 100 μm 
thickness as dielectrics. In this study, two types of the dielectric substrates were 
investigated. One is bare PEN, and another is PEN coated with a 100 nm thick silica 
layer. The electrode temperature was sustained at 80 ℃ by means of an oil circulation 
system. The smallest distance between the two electrodes was 0.5 mm. The gas 
mixture was injected from the left side of the discharge area in Figure 1.1(a) while the 
substrates were transported at 40 mm⋅min-1 in the same direction as the gas flow. The 
flow rate of the gas mixture was controlled at about 15 slm (standard litre per minute). 
However, because of the narrow gap (~100 µm) between the gas injector and the 
electrodes (see Figure 1.1(a)), the gas leakage cannot be avoided. This should be taken 
into account in the calculations involving the gas flow. In this study, the gas loss is 
estimated at about 30% 95. In the deposition, the tetraethylorthosilicate (TEOS) 
precursor was diluted with 1.0 slm argon together with oxygen as the oxidizer and 15 
slm nitrogen as the carrier gas.  

The DBD was powered by a sinusoidal voltage with a frequency of 185 kHz and 
amplitude up to 2-3 kV. To reduce the power load to the polymer the injected power 
was modulated at 625 Hz with a duty cycle of 50%. The input power was kept at 600 
W with a power density of about 20 W⋅cm-2. A more detailed description of the 
experimental set-up can be found elsewhere 20. The effluent gas from the open air 
reactor was sampled by 10 pipettes into an IR cell (2.5 L volume, 10 cm inner diameter) 
downstream of the active plasma phase at about 25 mm distance. The flow rate in the 
extraction system was set to 2.5 slm with about 2.5 s residence time. To increase 
sensitivity, the IR cell was equipped with a set of spherical mirrors and aligned to a 
total absorption path length of 700 cm at a reduced pressure of 4300 Pa under room 
temperature (~25 °C). The IR cell was directly placed into the sample compartment of 
the FTIR spectrometer (Bruker, IFS 66/s, ~0.15 cm-1 resolution, as shown in Figure 
1.1(b)). The etching rate of the polymer substrate was determined by measuring a step 
profile using a white light interferometric microscope (Veeco, Wyko NT9100) in 
vertical scanning interferometry (VSI) mode. The surface roughness was measured 
using an AFM (Park, NX10). Moreover, a particle counter (Lighthouse, SOLAIR 1100 
PLUS) with 0.1 micron sensitivity was mounted about 20 cm downstream the plasma 
reactor to detect the particles after the etching. 
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(a) 

 

 

  

(b) 

Figure 1.1: Experimental setup to (a) generate plasma and (b) carry out ex-situ FTIR 
absorption spectra measurement. 
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1.3. Results and discussions 

1.3.1 Identification of the absorption spectra 

A typical infrared spectrum of the atmospheric-pressure air (15 slm) plasma with bare 
PEN substrate is presented in Figure 1.2. In the range of 3000 to 750 cm-1, only H2O 
and CO2 were detected in the absorption spectrum of the background air. When the 
plasma was switched on, both N-related species (HNO2, N2O, NO2, NO) and C-related 
species (HCOOH, CO, CO2) could be clearly identified. Ozone, which is frequently 
observed in air-containing DBDs 108–110, was not detected under our experimental 
conditions. The OH radical, detected from OES, was absent here due to its high 
reactivity, short lifetime and therefore low density 98.  

 

 

Figure 1.2: Identification of stable reaction products in air plasmas with bare PEN substrate: 
Transmission spectra in the case of (a) plasma off, (b) plasma on and (c) the calculated 

spectrum. 
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To acquire quantitative information of the detected molecules from the absorption 
spectra, the transmission spectra of the molecules except HNO2 were calculated 
according to the spectral line parameters given in the HITRAN database using Q-
MACSoft-HT software 78. The HNO2 spectral line parameters are not available in the 
HITRAN database. The transmission spectrum of HNO2 was calculated based on values 
for the cross section from the Pacific Northwest National Laboratory Northwest IR 
(PNNL-NWIR) database 79 and by convolving the result with the instrumental 
broadening. To simplify the data processing, a Gaussian profile with a full width at the 
half maximum (FWHM) of about 0.15 cm-1 was assumed for the instrumental 
broadening. The relative density η (number of molecules to the total amount of species, 
ppm) of the detected molecules were estimated by (manually) comparing the 
calculated transmission spectra with the measured ones. It is clear that this approach 
is limited to the small molecules with well-resolved ro-vibrational features.  

The molecules that were analysed in this way in conjunction with the spectral range 
used for the calculation and with their limit of detection for the experimental 
conditions given above are summarized in Table 1.1. The detection limit for most 
molecular species (relative density) is of the order of 10 ppm which corresponds to 
1014 cm-3 at atmospheric pressure. These values are based on a signal-to-noise ratio of 
1. Typical noise values are 0.5 × 10-3 to 1.5 × 10-3 in the transmission spectra. Usually 

 

Table 1.1: Summary of molecules observed and quantified via spectral line data 

Molecule Spectral range [cm-1] 
Limit of detection 

[ppm] 

HNO2 1659, 1274 20 

N2O 2255-2185 5 

NO2 1612-1590 5 

NO 1925-1845 20 

HCOOH 1810-1750 10 

CO 2230-2030 10 

CO2 2270-2260 100 
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the error level is a few times higher than the limit of detection. Besides, the overlapping 
of the spectral lines e.g. CO, N2O and CO2 in the range from 2300 to 2150 cm-1 also 
induces errors in the molecule density estimation.  

1.3.2 Air and Air-Ar plasma 

For thin film deposition, the plasma is operated in an air-like gas mixture with addition 
of Ar as the precursor carrier gas. Because the role of Ar in the gas phase chemistry of 
the plasma is not known, the relative densities were measured in air (15 slm) and 
air/Ar (15 slm/1.0 slm) gas mixture with bare PEN substrate. The electrical 
characteristics are very similar and stable with a single smooth current pulse which 
indicates a diffuse discharge under both conditions 64.  

The corresponding relative densities are shown in Figure 1.3. Both N-related and C-
related species are not significantly changed with the addition of Ar and can be 
characterized by η(HNO2) ˂  η(N2O) ˂  η(NO2) ˂  η(NO) and η(HCOOH) ˂  η(CO) ˂  η(CO2), 
respectively. This analysis suggests that addition of Ar is not required to sustain the 
discharge, and Ar can be used for admixing the precursor without significantly 
influencing the plasma chemistry.  
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Figure 1.3: Relative densities of stable molecules in a) air (15 slm) and b) air/Ar (15 
slm/1.0 slm) gas mixture with bare PEN substrate. 
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1.3.3 Effect of oxygen concentration 

The absorption spectra of Ar/N2 (1.0 slm/15 slm) and Ar/N2/O2 (1.0 slm/15 slm/2.0 
slm) gas mixtures with bare PEN substrate are shown in Figure 1.4(a). In Ar/N2 (1.0 
slm/15 slm) gas mixture, only CO and CO2 were detected in the spectrum, and the 
relative densities of 1500 ppm and 1000 ppm were estimated, respectively. As soon as 
O2 (2.0 slm) was injected, η(CO) and η(CO2)  increase to 4800 ppm and 10000 ppm as 
well as that HCOOH and N-related species (HNO2, N2O, NO2 and NO) appear in the 
spectrum.  

The variations of the molecule relative densities with respect to oxygen relative density 
in Ar/N2/O2 (1.0 slm/15 slm/0.5-2.0 slm) gas mixture with bare PEN substrate were 
estimated, as shown in Figure 1.4(b). All N-related products and HCOOH clearly 
increase with the O2 content in the gas flow while η(CO) and η(CO2) remain relatively 
stable at about 1 order higher level than the N-related species. Typically, the relative 
densities for the latter species are all in the order of 100 ppm. With an extrapolation of 
the increasing trends in Figure 1.4(b) to an O2 flow of about 4.0 slm (i.e. 20% in the 
mixture as in case of air), the relative densities of η(HNO2), η(N2O), η(NO2) and η(NO) 
would be ~200 ppm, ~300 ppm, ~500 ppm and ~800 ppm, respectively. These 
extrapolated results are indeed close to the ones observed experimentally for air/Ar 
(15 slm/1.0 slm) plasmas in contact with bare PEN substrate (Figure 1.3, η(HNO2) ~ 
250 ppm, η(N2O) ~ 450 ppm, η(NO2) ~ 650 ppm and η(NO) ~ 800 ppm).  

1.3.4 N-related reactions 

The relative densities of the main gas phase components in Ar/N2/O2 (1.0 slm/15 
slm/2.0 slm) plasmas in contact with substrates of bare PEN and PEN covered by 100 
nm silica layer are shown in Figure 1.5. Both the N-containing and the C-containing 
productions vary significantly under the two conditions. It is well known that the 
plasma-surface interactions (e.g. etching and deposition) are closely related to the 
reactive species (e.g. O, O3, OH and HO2) which, in this study, can be reflected by the 
information of N-related molecules. Therefore it is important to study the reactions 
between the HxNyOz molecules. 

The dominant reaction pathways for plasma remediation of HxNyOz molecules are 
shown in Figure 1.6. Here the reaction scheme is simplified from Ref 111 based on the 
infrared active molecules that are identified in the absorption spectra. These molecules 
are shown in bold in Figure 1.6.  In the reaction pathways, NO, which can be regarded 
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Figure 1.4: (a) Comparison of absorption spectra in Ar/N2 (1.0 slm/15 slm) and Ar/N2/O2 
(1.0 slm/15 slm/2.0 slm) gas mixtures and (b) variations of the relative densities of stable 

molecules in Ar/N2/O2 (1.0 slm/15 slm/0.5~2.0 slm) plasmas in contact with bare PEN. 
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as the initial specie, is mainly generated through the reactions between N and oxygen 
containing species (O2, OH), as labelled as reaction (1). Then NO can be remediated 
through either reduction with N and generating N2 (reaction (2)), or oxidation with O, 
O3 or HO2 and generating NO2 (reactions (3), (4) and (5)). HNO2, which is generated 
from the oxidation between NO and OH (reaction (6)), can be further oxidized into NO2 
with enough OH, reaction (7). NO2 can also be reduced with N to produce NO through 
reaction (8)) or N2O through reaction (9). In Figure 1.5, the relative densities η(HNO2), 
η(N2O), η(NO2) and η(NO) with SiO2-coated PEN are about 110 ppm, 280 ppm, 400 
ppm and 1100 ppm, respectively. As soon as the polymer is exposed to the plasma, 
η(NO) decreases to 800 ppm while η(HNO2), η(N2O) and η(NO2) increase to about 275 
ppm, 460 ppm and 680 ppm.  

This indicates that the HxNyOz plasma chemistry is influenced by the plasma-polymer 
interactions. When these interactions occur, the reaction pathways (Figure 1.6) are 
shifted in the direction from NO to NO2 due to enhanced oxidization. The increase of 
HNO2 with bare PEN further indicates that, OH, which contributes to the generation of 
HNO2 (reaction (6)), can be produced from reactions with the polymer.  
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Figure 1.5: Relative densities in Ar/N2/O2 (1.0 slm/15 slm/2.0 slm) plasmas in contact with 
substrates of bare PEN and silica coated PEN foil.   
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As mentioned before, ozone is absent in the absorption spectrum. It is very likely 
‘poisoned’ as e.g. described in Ref 23 (reaction (4)) which is supported by the observed 
levels of NO/NO2 and the absence of N2O5 in the absorption spectrum. Moreover, the 
ozone generation efficiency decreases drastically under the condition of a high electric 
field or a high gas temperature 112. This is in accordance with earlier characterization 
of the high power density (10-20 W·cm-2) plasma when the effective reduced electric 
field strength (E/N) and the gas temperature of the air-like DBD were estimated to be  
about 150 Td 113 and 200-300 oC 37 respectively.  

1.3.5 C-related reactions 

A.  CO, CO2 vs HCOOH 

CO and CO2 are well known precursor molecules for the formation of HCOOH in the gas 
phase in plasma-chemical processes.  The HCOOH formation is explained by Ref 80 
through the plasma-chemical synthesis of high initially oxidized mixtures (CO-H2O or 
CO2-H2): 

CO + H2O → HCOOH,                                                   (1-1) 

CO2 + H2 → HCOOH.                                                    (1-2) 

 

Figure 1.6: Schematic of the dominant reaction pathways for plasma remediation of 
HxNyOz. 
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Under different conditions, e.g. in oxygen-free or oxygen-containing gas mixtures with 
bare or silica-coated PEN, we observed a correlation between η(HCOOH) and η(COx). 
In Figure 1.7, the correlation of the relative densities of COx are shown as a function of 
η(HCOOH). Here η(HCOOH) is not controlled but summarized from all the data 
obtained under different conditions. The production of HCOOH is closely related to 
those of CO and CO2, and an approximately linear fit of η(CO2) and η(CO) is obtained 
with η(HCOOH). η(CO2) is about 100 times higher, and η(CO) is about 30 times higher 
than η(HCOOH). Moreover, the COx production with bare PEN is much higher than with 
SiO2 coated PEN, and η(HCOOH) does not exceed 50 ppm in the case of SiO2 coated 
PEN. The mechanism of the carbon-related molecule production will be discussed in 
the next section.  

B.  Carbon sources 

To identify the possible carbon sources, the relative densities of CO and CO2 were 
measured for different plasma conditions: with and without oxygen addition, with bare 
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Figure 1.7: Variations of η(COx) with η(HCOOH) in different gas mixtures and substrates. 
The open symbols represent the relative densities of carbon products formed after plasma 
exposure with bare PEN while the solid symbols represent plasma exposure of SiO2 coated 

PEN. Note, the HCOOH production is not controlled but summarized from the results under 
the different conditions. 
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PEN and SiO2 coated PEN, as presented in Figure 1.8. In the oxygen-free gas mixtures 
(Ar/N2 (1.0 slm/15 slm)), only a small amount of COx is observed both in the case of 
bare PEN and SiO2-coated PEN. The COx production is mainly related to the reactions 
between oxygen from the ambient air and carbon impurities in the experimental 
system. These background impurities are inevitable under the current conditions and 
contribute for about 200-300 ppm to the total production of COx. The small amount of 
oxygen results in an oxygen deficient chemistry and consequently a higher production 
of CO than CO2. 

In the oxygen-containing gas mixtures (Ar/N2/O2 (1.0 slm/15 slm/2.0 slm)) with SiO2 
coated PEN, the production of COx is mainly related to the reactions between the 
reactive species from the plasma and carbon impurities in the experimental system e.g. 
the plastic holders and tubes. Similar carbon impurities were also observed in an APPJ 
system operating in Ar with 0.1% air 98. Moreover, it should be realized that in the 
present experimental set-up, deposition experiments were operated prior to the 
current measurements. The organic precursor molecules absorbed on the walls of the 
experimental system can be desorbed and oxidized in subsequent experiments and 
therefore contribute to the COx production. Since a high relative density of oxygen is 
present, the carbon impurities in the system can be more intensively oxidized resulting 
in a higher η(CO2) (about 2000 ppm) than η(CO)  (about 1100 ppm). 

 

 

Figure 1.8: Relative densities of CO and CO2 under different experimental conditions in 
Ar/N2 (1.0 slm/15 slm) and Ar/N2/O2 (1.0 slm/15 slm/2.0 slm) gas mixtures with bare PEN 

or SiO2-coated PEN. 
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In the Ar/N2/O2 (1.0 slm/15 slm/2.0 slm) gas mixture with bare PEN, η(CO) and η(CO2) 
increase drastically to about 4500 ppm and 10000 ppm, respectively. As discussed, the 
oxidation of the background carbon impurities contributes over 3000 ppm to the total 
COx production. The extra ~11000 ppm of COx is therefore due to the interactions 
between the Ar/N2/O2 plasma and the PEN substrate. 

C.  Surface etching 

It is known that bare PEN can be etched when exposed to an oxygen containing plasma 
114. To determine the etching rate, the PEN was partly protected by tape and exposed 
to the air plasma region (with a width of ~15 mm) at a substrate transport speed of 40 
mm⋅min-1 equivalent to about 22.5 s exposure time in the plasma. After the plasma 
treatment the tape was removed, and the height difference of the step profile was 
determined using an interferometer in vertical scanning interferometry (VSI) mode, as 
presented in Figure 1.9. In addition the surface roughness of pristine and etched PEN 
was measured using AFM, as shown in Figure 1.10. 

After the plasma treatment, the surface RMS (root mean square) roughness of the PEN 
increases from ~1.5 nm to ~5 nm, see Figure 1.10. The height difference of the step is 
~1500 nm which results in an etching rate of ~67 nm·s-1. From the amount of the 
etched PEN, the mass production rate Δm(PEN) of the polymer can be estimated: 

                                 Δm(PEN) = ΔV(PEN) × 𝜌𝜌(PEN)  

                                                    = 2 × Δd(PEN) × 𝑙𝑙 ×  𝑣𝑣 × 𝜌𝜌(PEN) 

  = 4.1 × 10-4 g⋅s-1,                                                                        (1-3) 

where ΔV(PEN) is the etched volume production of PEN substrate per second, ρ(PEN) 
is the density of PEN (1.36 g⋅cm-3), Δd(PEN) is the thickness of the etched PEN (~1500 
nm), l is the substrate width (150 mm), and v is the transport velocity of the PEN 
substrate (40 mm⋅min-1). 

The molecule production rate of carbon ΔX(C) can be estimated as: 

ΔX(C)  = 168
242

  ×  Δ𝑚𝑚(PEN) ×  𝑁𝑁𝐴𝐴 
𝑀𝑀(C)

 = 1.4 × 1019 molecules⋅s-1,               (1-4) 
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where NA is the Avogadro’s number (6.02 × 1023 mol-1), and 𝑀𝑀(C) is the molar mass of 
carbon (12 g⋅mol-1). 

Assuming all the carbon from the etched PEN is fully oxidized and converted to COx, 
the relative density η(COx) is: 

η(COx) = Δ𝑋𝑋(COx)
Δ𝑋𝑋(gas flow)

 = Δ𝑋𝑋(COx) × 𝑉𝑉m 
Δ𝛷𝛷(gas flow) × 𝑁𝑁A

 ≈ 3300 ppm,                      (1-5) 

where ΔX(COx) is the molecule production rate of COx (1.15 ×  1019 molecules⋅s-1), 
ΔX(gas flow) is the molecule flow rate, ΔΦ(gas flow) is gas flow rate (15×0.7 slm 

considering a 30% gas leakage) and Vm is the molar volume (24.5 L⋅mol-1 at 25 ℃). 

In Section 1.3.5.B, we measured η(COx) of about 14500 ppm in Ar/N2/O2 (1.0 slm/15 
slm/2.0 slm) plasma with bare PEN substrate. Among the total COx production, more 
than 3000 ppm is attributed to the oxidization of the background carbon impurities, 
and the extra 11000 ppm COx is due to the plasma-polymer interactions. The calculated 
value of COx from PEN etching (~3300 ppm) is about 3 times lower than the measured 
value (~11000 ppm). However, the etching should still be the main factor that 
contributes to the high value of COx production.  
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Figure 1.9: Interferometric microscopy of air plasma treated PEN in the area near the 
etching edge. 
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In the above calculation, we assumed that all the carbon from the etched PEN is fully 
oxidized and converted to COx. In order to verify this assumption the exhaust gas was 
probed by a particle counter during the etching process of bare PEN. A large amount of 
sub-micron sized particles are detected during exposure of the bare PEN, as presented 
in Figure 1.11. According to Liston et al. 114 etching of the polymer material can take 
place. Moreover, the etching rate of semi-crystalline polymers such as PEN is 
preferential i.e. the amorphous regions have higher etch rate than the crystalline 
regions, see Figure 1.10(b). This suggests that in the etching process small (less than 
10 nm) partially oxidized polymer fragments are produced and agglomerate during 
transport in the gas flow forming bigger particles (> 100 nm) 81. The initially airborne 
particles may attach on the inner surface of the FTIR system (memory effect) and 
further decompose into COx species and thus artificially enhance the FTIR absorption 
signal. However, not much is known in the polymer interactions with the oxygen-
containing plasma 82. Further studies and more systematic measurements are required 
to support this hypothesis.  

 

                                              (a)                                                                     (b) 

Figure 1.10: AFM scan images of (a) bare PEN with the semi-crystalline morphology and (b) 
etched PEN. 
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D.  Deposition 

In addition, the carbon balance was studied under deposition conditions. The relative 
densities of COx were measured with respect to the amount of TEOS added in an 
Ar/N2/O2 (1.0 slm/15 slm/0.8 slm) gas mixture. The results of the measurements are 
shown in Figure 1.12. The trends of the measured η(COx) with TEOS injection can be 
divided into two regimes. In regime (1) a strong decrease of η(COx) with the addition 
of a small amount of TEOS (less than 150 ppm) is observed whereas in regime (2) a 
clear increase of the η(COx) with increasing TEOS flow (more than 150 ppm) is 
obtained. This indicates different mechanisms of COx production. Moreover, the 
calculated values of η(COx) are approximately the same as the measured ones in 
regime (2). Hence, the COx production in regime (2) can be attributed to the full 
combustion of the precursor. As concluded in Ref 22, the etching and deposition can be 
competing mechanisms in thin film growth. In regime (2) where the amount of TEOS 
is relatively high, the etching is weak and the surface of PEN is quickly covered by a 
SiO2 layer. 

However, in regime (1) the plasma surface reactions are much more complicated. Since 
the amount of TEOS is relatively low, the surface of PEN is not completely covered by 

101

102

103

104

105

 plasma on

Particle size [µm]
0.2 0.25 0.3 1.00.70.50.150.1 

C
ou

nt
s 

pe
r m

in
ut

e 
[a

.u
.]

 plasma off

 

Figure 1.11: Particle counts of the exhaust gas during the air-like plasma exposure with bare 
PEN. 
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silica layer during the early exposure of the substrate to the plasma region. Oxygen 
radicals have more time to interact with the polymer surface leading to simultaneous 
etching and deposition during the film growth process. As discussed in Section 1.3.5.C, 
the polymer etching and the generation of a large amount of particles can significantly 
influence the measurement of η(COx) in the FTIR system. Consequently, the COx 
production in regime (1) is dominated by etching which results in overrated values of 
η(COx), as presented in Figure 1.12.

1.4. Conclusions 

In this study, the Fourier transform infrared (FTIR) gas-phase analysis of stable 
molecules in the gas effluent of the atmospheric-pressure plasmas was reported. The 
absorption features of the plasma species were analysed. Both N-related species 
(HNO2, N2O, NO2, NO) and C-related species (HCOOH, CO, CO2) were identified, and 
the corresponding relative densities were estimated according to the calculations 
based on the line parameters given in the HITRAN and PNNL databases. The N-related 
species were characterized by η(HNO2) ˂ η(N2O) ˂ η(NO2) ˂ η(NO) and reflect the 
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Figure 1.12: Comparison of measured η(COx)  in Ar/N2/O2 (1.0 slm/15 slm/0.8 slm) plasma 
with 0-875 ppm TEOS in contact with bare PEN with calculated η(COx) from the fully 

dissociation of etched particles and precursor molecules. 
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information of the reactive species (e.g. O, O3, OH and HO2) in the plasma. In the case 
of bare PEN the reaction pathways of HxNyOz were shifted in the direction from NO to 
NO2 due to enhanced oxidation reactions. 

The measurement of high rates of COx species indicates strong interactions between 
the oxygen-containing plasma and the polymer (as is produced due to etching of PEN). 
Formic acid (HCOOH) is identified as a sensitive indicator for plasma-polymer 
interactions. The sources of COx are discussed in relation to oxidation of the 
background carbon pollution which contributes about 3000 ppm, whereas the etching 
of the bare PEN substrate contributes about 11000 ppm to the COx relative density. 
The estimated values of COx cannot be totally explained on the basis of the amount of 
polymer removed by etching. It is argued that partially oxidized airborne particles are 
produced during etching that accumulate in the low pressure FTIR cell and 
subsequently decompose and release COx species. By adding precursor (TEOS) in the 
plasma two different regimes were identified. At increased precursor flows (above 150 
ppm) the production of COx is dominated by precursor dissociation and a linear 
increase of the COx species can be directly correlated with the amount of carbon from 
the precursor combustion. At much lower precursor flows (less than 150 ppm), an 
etching-deposition regime transpires and etching becomes an increasingly dominant 
factor in the process. 
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Chapter 2. 

 
Atmospheric-Pressure Diffuse Dielectric Barrier 
Discharges in Ar/O2 Gas Mixture Using 200 
kHz/13.56 MHz Dual Frequency Excitation * 

 

Atmospheric-pressure diffuse dielectric barrier discharges (DBDs) were obtained in Ar/O2 gas 
mixture using dual-frequency (DF) excitation at 200 kHz and 13.56 MHz. The excitation 
dynamics and the plasma generation mechanism were studied by means of electrical 
characterization and phase resolved optical emission spectroscopy (PROES). By tuning the 
amplitude ratio of the superimposed LF and RF signals, the effect of each frequency component 
on the DF discharge mechanism was analysed. The LF excitation results in a transient plasma 
with the formation of an electrode sheath and therefore a pronounced excitation near the 
substrate. The RF oscillation allows the electron trapping in the gas gap and helps to improve 
the plasma uniformity by contributing to the pre-ionization and by controlling the discharge 
development. The possibility of temporally modifying the electric field and thus the plasma 
generation mechanism in the DF discharge exhibits potential applications in plasma-assisted 
surface processing and plasma-assisted gas phase chemical conversion. 

 

  

                                                 
* Published as: Y. Liu, S. A. Starostin, F. J. J. Peeters, M. C. M. van de Sanden and H. W. de Vries, 
Journal of Physics D: Applied Physics, 2018, 51: 1140. 
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2.1. Introduction 

Development of a large linear or volumetric source of diffuse non-thermal plasma at 
atmospheric pressure remains to be an essential challenge both from a scientific and a 
technological point of view. Such a source is required in various applications including 
plasma-assisted gas phase chemical conversion, surface modification and synthesis of 
high quality functional thin films 23,25,80,115. The emerging atmospheric-pressure plasma 
enhanced chemical vapour deposition (AP-PECVD) technology can potentially achieve 
a considerable cost efficiency in comparison to the common low-pressure plasma 
methods, by the possibility of in-line production and by avoiding expensive large-
footprint vacuum equipment 116. One of the common ways to create a large area non-
thermal plasma at atmospheric pressure is the dielectric barrier discharge (DBD) also 
known as “corona” in industrial applications related to the surface treatment 23,25,115. 
However, a DBD is typically filamentary resulting in a strong spatial non-uniformity of 
the plasma restricting its use for demanding applications e.g. deposition of high quality 
thin films. The less common diffuse modes of the DBD expand the novel application 
fields in plasma-assisted surface engineering and are therefore in focus of scientific and 
industrial interest 26,43,60,62,96.  

The properties of an atmospheric-pressure high-current diffuse DBD operating at 200 
kHz frequency in low cost N2/O2/Ar gas mixtures were investigated in Ref 27,36,63,64. 
According to the fast imaging analysis, during the single current pulse, this transient 
discharge evolved from a “Townsend-like” mode to a “glow-like” mode for each half 
cycle of the electric field 27,63.  It was also demonstrated that application of such a 
diffuse discharge as a plasma source for the roll-to-roll AP-PECVD process in 
conjunction with organosilicon precursors results in high quality inorganic silica-like 
thin films, which can be deposited on thermally sensitive polymeric substrates 
36,15,65,117. In this process, the increased discharge power density allows the synthesis 
of silica-like films with improved microstructure, lower impurities level and excellent 
gas diffusion barrier properties 29,65. Moreover, a higher power density is also required 
to increase the deposition rate and therefore the throughput of the PECVD process. 
However, when the input power increases, one of the biggest challenges is to prevent 
the transition from the homogeneous to the filamentary discharge or even a high 
current arc which will damage the polymeric substrate. One approach to increase the 
discharge power without generating arcs can be to modulate the electric field by 
applying a high frequency (HF) voltage to a low frequency (LF) voltage.  

This dual frequency (DF) excitation was previously investigated in low-pressure 
inductively coupled plasmas (ICPs) 118,119, capacitively coupled plasmas (CCPs) 120–122 
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and dielectric barrier discharges (DBDs) 123,124. It was found that in low-pressure 
plasmas the LF and HF component can facilitate separate control of the ion energy and 
ion flux to the surface 119,120,125,126. Under atmospheric pressure, however, the collision 
rate between ions and gas molecules becomes so high that the incident ions have nearly 
thermal energy (with certain reservations 127), thus depriving any meaningful scope 
for manipulating the ion energy 93. The effects of the DF excitation in an atmospheric-
pressure plasma are focused on tailoring the electron energy distribution function 
(EEDF) and controlling the plasma parameters e.g. electron density, gas temperature 
and ion flux to the sample 86,128. The HF voltage allows to trap the electrons in the 
plasma bulk with less electron loss at the surface, which helps to maintain a high 
plasma density 93. On the other hand, electron trapping results in more power coupled 
into elastic collisions and therefore a higher gas temperature and a lower electron 
energy 94.  

Usually the DF plasma is generated with two frequencies both in the range of MHz, the 
DF combination in the kHz and MHz domain, however, was not widely studied.  Zhou 
et al. studied an atmospheric-pressure 50 kHz/2 MHz DF plasma jet which exhibits the 
advantages of both the LF and RF plasma, namely, a long plasma plume and a high 
electron density 129. By applying a MHz power to one electrode and a kHz power to the 
counter electrode, Massines et al. investigated the DF discharge behaviour and the thin 
film deposition. The combination of low and high frequencies led to the synthesis of a 
denser film with an improved microstructure compared to the pure RF DBD excitation 
123,130.  

For cold atmospheric-pressure discharges electrons are the key to plasma dynamics, 
and wall fluxes of plasma species are influenced by those generated in the boundary 
layer of the electrode 93. The plasma chemistry, and thus the concentrations of reactive 
species, is predominately driven by energetic electrons 131. The electron dynamics, 
governing dissociation, excitation and ionization processes, is therefore of crucial 
significance in plasma processing 131. In the previous work of Gans et al. 132,133, phase-
resolved optical emission spectroscopy (PROES) was used as a non-intrusive and 
sensitive way to investigate the EEDF of RF plasmas. Highly excited states in atoms or 
molecules are excited by electrons in the tail of the EEDF. PROES therefore is sensitive 
to the dynamics of high energetic electrons (E ≥11.7 eV) and yields information on the 
plasma parameters with high temporal and spatial resolution 134. 

In this chapter, it was demonstrated for the first time that the dual frequency (200 kHz 
+ 13.56 MHz) excitation can produce homogeneous, filament-free DBDs at atmospheric 
pressure in Ar/O2 gas mixture. The focus of the present work is to study the excitation 
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dynamics of the DF plasma and to explore the potential approaches to enhance the 
plasma-assisted processing efficiency. The paper is structured in the following way: 
the experimental setup and the diagnostic methods are introduced in Section 2.2. The 
presentation of results in Section 2.3 is divided into two parts. First, the electrical 
characteristics including the voltage-current waveforms and the Lissajous figures are 
investigated. Second, the time-integrated emission and the spatiotemporal excitation 
dynamics deduced from the PROES of 750.4 nm and 751.5 nm (corresponding to the 
emission from Ar 2p1 state and Ar 2p5 state, respectively 135) with nanosecond time 
resolution are studied. From these studies, direct insight into the excitation dynamics 
and the plasma generation mechanism of LF, RF and DF discharges are obtained. 
Finally, conclusions are drawn in Section 2.4.

2.2. Experimental setup 

The schematic picture of the atmospheric-pressure roll-to-roll plasma reactor is 
presented in Figure 2.1. The discharge was ignited between a flat bottom electrode and 
a curved top electrode with a radius of 60 mm and a width of 45 mm, both the 
electrodes were covered by 0.1 mm thick PET (polyethylene terephtalate) foils as the 
dielectrics. The electrode temperature was sustained at 30 ℃ by means of an oil 
circulation system. The smallest distance between the two electrodes was 1.0 mm. The 
gas mixture was injected from the left side of the discharge area in Figure 2.1, while the 
substrates were transported at 40 mm/min in the same direction as the gas flow. The 
flow rate of the gas mixture (Ar/O2) was controlled at 10 slm/0.1 slm (standard litre 
per minute). The DBD was excited by a 200 kHz LF (SEREN L1001) and a 13.56 MHz 
RF (SEREN R601) power source which were connected to a home-made matching 
circuit. The tunable matching network helps to stabilize the discharge and reduce the 
reflected power of both the power sources. To reduce the power load to the plasma, 
the injected power of both power sources was modulated at 625 Hz with a pulse width 
of 800 µs and a duty cycle of 50%.  

The discharge voltage and current were measured by a high voltage probe (Tektronix 
P6015A) with 75 MHz bandwidth and a current transformer (Pearson model 4100), 
respectively. An intensified charge-coupled device (ICCD) camera (PI MAX3), triggered 
by the applied voltage, was employed to collect the discharge emission from the side 
view of the gas gap with a macro lens (Tamron AF 90 mm). A spectral filter (Andover 
Corporation 750FS10-50) at 750 nm with 10 nm bandwidth was mounted in front of 
the camera which allows discrimination of the emission lines of Ar 2p1 and Ar 2p5 

excited states (750.4 nm and 751.5 nm) from the complete spectrum. These 
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lines are ideally suited to probe the excitation and ionization dynamics due to their 
short natural lifetime, negligible contributions of step-wise excitation out of 
metastable excited states, and small cascade contributions from higher excited states 
132. 

2.3. Results and discussions 

2.3.1 Electrical characteristics 

A. Voltage-current waveforms 

Electrical characterization is a powerful tool to study the discharge mechanism. Figure 
2.2 shows the representative voltage and current oscillograms recorded for the fixed 
electrode configuration and gas mixture operating in LF, RF and DF discharge modes. 
Usually the waveforms of the DBD driven by a single frequency voltage in the kHz range 
can be characterized by single or multi current pulses during each half cycle 136. From 
Figure 2.2(a), the single smooth discharge current peak can be clearly identified from 
the measured current which also contains the displacement component. In the RF 

 

Figure 2.1: Experimental set-up for the dual-frequency dielectric barrier discharge together 
with the electrical and optical diagnostic methods. 
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Figure 2.2: Voltage-current waveforms of (a) LF (PLF = 120 W), (b) RF (PRF = 100 W), (c) DF 
(PLF = 115 W and PRF = 13 W), (d) DF (PLF = 10 W and PRF = 107 W) and (e) DF (PLF = 95 W 

and PRF = 100 W) discharges. 
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discharge, the displacement current is so high that identifying the discharge 
component from the measured current becomes very difficult, see Figure 2.2(b). In the 
DF discharge, both the current and the voltage contain the LF component and the RF 
oscillation. Depending on the ratio of the input power, the amplitudes of the LF and RF 
signals are varied. By doing fast Fourier transform (FFT) filtering of the original 
waveforms, signals above 10 MHz including the RF component can be removed, and 
the LF component in the voltage and current can be extracted, see Figure 2.2(c)-(e).  

B. Lissajous figures 

To further analyse the electrical characteristics, the Q-V plots or the Lissajous figures 
are studied, as illustrated in Figure 2.3. The Lissajous figure of the LF discharge has 
approximately the form of a parallelogram, see Figure 2.3(a). Two distinct phases can 
be identified 24. Lines DA and BC represent the phase when no plasma is ignited. Hence 
there is only a displacement current, and the slope dQ/dV corresponds to the total 
reactor capacitance. Lines AB and CD represent the phase when the plasma is formed 
in the gas gap, and the slope of these lines can approximately indicate the total 
capacitance of the dielectrics 137. The Lissajous figure of the RF discharge has 
approximately an oval shape since the RF plasma is in a continuous mode, and 
therefore the “plasma-off” phase cannot be distinguished, see Figure 2.3(b). The 
capacitances in the DBD reactor cannot be obtained from the Lissajous figure under 
these conditions. The Lissajous figures of the DF discharges are rather complex due to 
the RF oscillation. Fast Fourier transform (FFT) filtering is used to extract the LF-
induced Q-V plots, see Figure 2.3(c)-(e). The equivalent capacitances of the dielectrics 
and the total reactor are estimated from the FFT-filtered Lissajous figures which have 
the characteristic LF shape but are affected by the RF. 

The capacitance of the dielectrics, the charge transferred through the gas gap per LF 
half cycle (Qtrans) and the averaged power (P) of the LF, RF and DF discharges are 
summarized in Table 2.1. It should to be noted that due to the curved electrode 
configuration in this work, the plasma cannot cover the available discharge area. To 
simplify the discussion, the influence of partial surface discharging on the electrical 
characterization of the discharges 138 is not considered in this study. The geometrically 
determined dielectric capacitance Cdiel can be estimated according to:  

 𝐶𝐶diel =
𝜀𝜀PET · 𝜀𝜀0 · 𝑆𝑆

2𝑑𝑑
, (2-1) 
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Figure 2.3: Lissajous figures of (a) LF (PLF = 120 W), (b) RF (PRF = 100 W), (c) DF (PLF = 115 W 
and PRF = 13 W), (d) DF (PLF = 10 W and PRF = 107 W) and (e) DF (PLF = 95 W and PRF = 100 W) 

discharges. 
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where εPET is the relative permittivity of the dielectrics (~3.4), ε0 is the vacuum 
permittivity (8.85×10-12 F·m-1), S is the dielectric area which can be estimated 
according to width of the discharge area in Figure 2.5, and d is the thickness of the 
dielectrics (0.1 mm). To distinguish between Cdiel and the slopes of AB and CD in the 
Q–V parallelograms, the latter will be referred to as the temporally-varied equivalent 
capacitance ζdiel (t). Similarly, the geometrically determined reactor cell capacitance 
and the slopes of DA and CB in the Q-V parallelograms are represented as Ccell  and ζcell 
(t), respectively.  

The equivalent electrical circuit of the LF discharge is illustrated in Figure 2.4(b). The 
effective capacitance of both the dielectrics is considered as a single lumped element 
Cdiel equal to the serial connection of two single layer capacitors. The LF discharge is 
represented as a gas capacitance Cgas in parallel with a variable resistor RLF(t) 56,138. In 
this case, the time-averaged equivalent capacitance of the dielectrics 𝜁𝜁 R̅diel = Cdiel ≈ 170 
pF, 𝜁𝜁 R̅cell  = Ccell  ≈ 15 pF, therefore 𝜁𝜁 R̅gas = Cgas ≈ 16 pF.  

The equivalent electrical circuit of the DF discharge is illustrated in Figure 2.4(c). In 
the DF discharges, the fast varying RF electric field works as an external capacitance 

Table 2.1: Estimated values of capacitances, transferred charge and averaged discharge 
power of the LF, RF and DF discharges. 

Case Power 
source 

Input  
power/W Discharge 

area S/mm2 

Capacitance/pF Transferred  
Charge 

Qtrans/nC 

Averaged 
power/W 

PLF PRF Cdiel 𝜻𝜻�diel 𝜻𝜻�cell PLF PRF 

(a) LF 120 0 1125 170 170 15 250 82.5 - 

(b) RF 0 100 - - - - - - 70 

(c) 

DF 

115 13 1125 170 170 20 250 80 - 

(d) 10 107 600 90 70 35 35 7 - 

(e) 95 100 1190 180 140 30 280 65 - 
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which stores electric charge. Here the equivalent capacitance of the RF field is 
represented as a temporally varied ζRF (t) which is in parallel with the gas gap 
capacitance Cgas. Moreover, a temporally varied ohmic resistor RRF (t) in parallel to 
RLF(t) is introduced to the equivalent circuit. Unlike the LF discharge in which the 
plasma can be regarded as a pure resistor RLF(t) during the “plasma-on” period (AB 
and CD) of the DF discharges, the equivalent capacitance of the RF field ζRF (t) still exists 
in the circuit. In cases (d) and (e), the equivalent capacitance of the dielectrics ζdiel (t) 

= 𝐶𝐶diel · 𝜁𝜁RF(𝑡𝑡) 
𝐶𝐶diel + 𝜁𝜁RF(𝑡𝑡) 

 is lower than Cdiel. In case (c), with a low RF power (PRF = 13 W), the effect 

of the RF field during the discharging phase (AB and CD) is negligible. As a result, 𝜁𝜁 R̅diel 
is not affected which yields the same value as Cdiel  (170 pF). However, during the 
“plasma-off” phase of DA and BC, the discharge is not completely extinguished. Instead, 
a certain amount of electrons and ions are trapped in the gas gap by the RF field. As a 

result, ζgas (t) = Cgas + ζRF (t) is higher than Cgas, thus ζcell (t) = 𝐶𝐶diel · 𝜁𝜁gas(𝑡𝑡) 
𝐶𝐶diel + 𝜁𝜁gas(𝑡𝑡) 

 = 
𝐶𝐶diel · (𝐶𝐶gas + 𝜁𝜁RF(𝑡𝑡) )
𝐶𝐶diel + (𝐶𝐶gas + 𝜁𝜁RF(𝑡𝑡) )

 is higher than Ccell  = 𝐶𝐶diel · 𝐶𝐶gas
𝐶𝐶diel + 𝐶𝐶gas

.  

Furthermore, for the LF and DF discharges, the charge transferred through the gas gap 
per LF half cycle (Qtrans) can be deduced from the Q-V plot 56. For the RF discharge, the 
plasma is in a continuous mode, the conductively transferred charge cannot be 
separated from the total measured charge. The transferred charge per half cycle of the 
LF discharge (Qtrans) is about 250 nC, see Figure 2.3(a). For the DF discharge, with a 
high LF power (PLF = 115 W) and a low RF power (PRF = 13 W), Qtrans yields the same 

 

                                   (a)                                                  (b)                                              (c) 

Figure 2.4: (a) The DBD configuration with curved electrodes, (b) the equivalent circuit of 
the LF discharge, and (c) the equivalent circuit of the DF discharge. 
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value (250 nC) as in the case of the LF discharge (PLF = 120 W), see Figure 2.3(c). From 
Figure 2.3(d), with a high RF power (PRF = 107 W) and a low LF power (PLF = 10 W), 
Qtrans is only about 35 nC due to the weak charge extraction by the LF voltage. With 
comparable high level of the LF and RF powers (PLF = 95 W, PRF = 100 W), Qtrans is 
increased to 280 nC which is probably induced by the increase of the charge density in 
the discharge area and thus the charge delivered to the surface, see Figure 2.3(e). 

The discharge power of the single LF or RF discharge (PLF or PRF) can be calculated 
according to the enclosed area of the Lissajous figures. However, the power 
measurement of the DF discharges is not possible because of the overlapping of 
adjacent RF waveforms, especially under the conditions with a low LF power, see 
Figure 2.3(d). The averaged LF input power (PLF) of the DF discharges can be estimated 
according to the FFT filtered Lissajous figures, as presented in Table 2.1. The total DF 
discharge power (PLF+RF) can be determined from the measurements of the voltage 
(ULF+RF) and current (ILF+RF) over one LF cycle (T) 123: 

                           
𝑃𝑃LF+RF  =  

1
𝑇𝑇

 � 𝑈𝑈LF+RF  ·  𝐼𝐼LF+RF 𝑑𝑑𝑑𝑑.
𝑡𝑡+𝑇𝑇

𝑡𝑡
 (2-2) 

Under these conditions, however, this standard power equation does not deliver a 
correct value for the DF discharge. This is probably due to the phase shift induced by 
the probes or the cables and the inaccuracy of the triggering in the acquisition of at 
least 2 LF periods on the RF signal. Therefore extra efforts are necessary to acquire 
correct current and voltage measurements to calculate the power. 

2.3.2 Time-integrated plasma emission 

The time-integrated 2D spatially-resolved emission of Ar (750.4 nm and 751.5 nm) 
with 8 ms integration time of the LF, RF and DF discharges are presented in Figure 2.5. 
The discharges remain homogeneous and filament-free under all the tested conditions. 
Both the maximal and the total emission intensities are normalized to those of the LF 
discharge. As mentioned before, these emission lines are caused by the electron impact 
excitation from the ground state of Ar. The emission intensity therefore indicate the 
information of the high-energy electrons in the tail of the EEDF (13.5 eV and 13.3 eV in 
this study). 
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From Figure 2.5, the LF discharge (PLF = 120 W) can be characterized as operating in 
“glow-like” mode with maximal emission intensity close to the electrodes, as 
previously studied in Ref 27 using nitrogen/oxygen gas mixtures. The RF discharge 
mode depends on the amplitude of the input power. At a low power (PRF = 100 W), the 
discharge only occupies the region from the centre of the electrodes to the gas outlet. 
This is mainly induced by the gas flow which displaces the ions and metastables in the 
inlet region and causes a preferential discharge in the centre and the downstream of 
the curved electrode where the density of ions and metastables is sufficiently high. The 
discharge is identified as α mode with two layers, indicating the electron heating at the 
interface between the sheath and the bulk 84. At a higher power (PRF = 150 W), the RF 
discharge transits into the α-γ coexisting mode with two extra luminous layers 
restricted to the region near the centre of the electrodes. These regions are 
characterized as the γ mode where the maximal intensity is much higher than the 
emission of α mode. Due to the electrode configuration, the γ breakdown tends to ignite 
near the centre of the electrodes where the electric field is particularly high. The pure 
γ mode, however, cannot be observed under these conditions. The DF discharge with 
an extra low RF power (PLF = 115 W, PRF = 13 W) is similar to the LF discharge but with 

 

Figure 2.5: Integrated discharge emission of Ar (750.4 nm and 751.5 nm) with 8 ms exposure 
time for LF, RF and DF discharges. The dashed region corresponds to the discharge area. 
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a higher maximal and total intensity. With a low LF power (PLF = 10 W) and a high RF 
power (PRF = 107 W), the discharge area is more expanded around the centre of the 
electrodes and has a much higher intensity than the 100 W α mode RF discharge. Under 
the condition with a comparable high amplitude of the LF and RF power (PLF = 95 W, 
PRF = 100 W), the discharge intensity is enhanced in both the bulk and the regions 
adjacent to the electrodes. 

2.3.3 Phase-resolved electron impact excitation 

By controlling the delay between the camera gate and the voltage, the single shot ICCD 
emission of Ar (750.4 nm and 751.5 nm) with gate width of 5 ns was obtained at 
various phases of the voltage cycle. The emission profiles in the discharge area were 
integrated in the horizontal direction (x direction in Figure 2.5), and the PROES was 
then obtained by collating and reconstructing the results. The spatiotemporal electron 
impact excitation (𝐸𝐸0,𝑖𝑖(t, z)) from the ground state to the excited state can be directly 
determined from the PROES (𝐼𝐼0,𝑖𝑖(t, z)) by the following equation 85: 

                           𝐸𝐸0,𝑖𝑖(𝑑𝑑, 𝑧𝑧) ∝ 𝐼𝐼0,𝑖𝑖(𝑑𝑑, 𝑧𝑧) + 𝜏𝜏eff
𝑑𝑑𝐼𝐼0,𝑖𝑖(𝑡𝑡,𝑧𝑧)

𝑑𝑑𝑡𝑡
,       (2-3) 

 𝜏𝜏eff =  𝜏𝜏n
1+𝜏𝜏n𝑘𝑘𝑞𝑞𝑛𝑛𝑞𝑞 

,    (2-4) 

where t is the time, z is the distance from the grounded electrode. 𝜏𝜏eff and 𝜏𝜏n are the 
effective and natural lifetime of the excited states, respectively. kq is the quenching rate 
constant with the species q of density nq. In this study, 𝜏𝜏n is taken as 24 ns for Ar 2p1 
and Ar 2p5 states 139, kq for both the excited states by O2 molecules is about 7.4×10-10 
cm3·s-1 139. nq is calculated from nq = pq / kB ·T, where pq is the partial pressure of O2 
(0.01 atm), kB is the Boltzmann constant (1.38×10-23 J/K) and T is the absolute 
temperature (~450 K in this study). In this way 𝜏𝜏eff for the excited state of Ar 2p1 and 
Ar 2p5 is estimated at about 6.3 ns. 

A. LF discharge 

Figure 2.6(I) shows the phase-resolved excitation of the single LF (200 kHz) discharge 
within one voltage cycle (5 µs) with an input power PLF = 120 W. The flat grounded 
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electrode is situated at z = 0 mm, and the centre of the curved powered electrode is 
situated at z = 1 mm where the gap distance is the smallest. Figure 2.6(II) shows the 
corresponding gas voltage, current and excitation rate integrated in the direction of z. 
The optical emission from Ar 2p1 and Ar 2p5 states in the discharge gap was observed 
for approximately 40% of the LF cycle. The apparent asymmetry of the excitation 
between two opposite polarities of the applied voltage is caused by the different shapes 
of the top and bottom electrodes (see Figure 2.1). In this case and the following sections 
the excitation rates are normalized to the maxima of the LF excitation in Figure 2.6(I) 
and (II). The characteristic transverse excitation intensity profiles corresponding to 
phase (1) and (2) in Figure 2.6 are presented in Figure 2.7. 

As previously studied by Starostin et al., for similar conditions in an N2/O2 gas mixture, 
the LF discharge is initiated by the Townsend breakdown mechanism 27. It can be 
expected that in the continuously running DBD at a frequency of ~200 kHz and a gap 

 

Figure 2.6: (I) Phase and space resolved electron impact excitation and (II) Corresponding 
gas voltage, discharge current and integrated excitation rate of the single LF discharge with 
PLF = 120 W. The flat grounded electrode is situated at z = 0 mm, and the centre of the curved 

powered electrode is situated at z = 1 mm where the gap distance is smallest. 
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distance of ~1 mm, the positive ions are trapped in the gas gap as the ion drift time to 
the surface is in the same order of the applied voltage 84. The space charge produced 
from the preceding half cycle would affect the electric field and reduce the breakdown 
voltage at the ignition of the next discharge. In the stable discharge, the amplitude of 
the gas breakdown voltage was estimated at about 700 V. According to Townsend’s 
theory the electron density grows exponentially from the cathode to the anode 
producing a higher density of excited states and noticeable light emission in the anode 
region 140, and this is observed during phase (1) in Figure 2.7. As the discharge 
develops, the positive space charge, initially accumulated in the anode region due to 
the difference in the mobility of electrons and positive ions, will start to affect the 
electric field profile. This will lead to an enhancement of the electric field and ionization 
rate in the direction to  the cathode, resulting in the formation of a fast propagating 
ionization wave directed from the anode to the cathode 141. Finally a significant space 
charge is formed by the positive ions that can localize the electric field in the 
instantaneous cathode region. The formation of the cathode voltage fall induces the gas 
voltage decrease and enhances the ionization rate close to the cathode where the 
electric field is at maximum. This leads to the transition from the “Townsend-like” 
discharge into the “glow-like” structure with a characteristic light emission profile, 
showing regions which can be attributed to the negative glow and the positive column 
141, as shown in phase (2) in Figure 2.7.  
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Figure 2.7: Intensity profiles of the electron impact excitation in phase (1) and (2) in Figure 
2.6. The intensity is normalized at the maximum of phase (2). 
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B. RF discharges 

For the single RF discharge under atmospheric pressure, different ionization 
mechanisms including sheath expansion, sheath collapse and sheath gas breakdown 
can be involved 142,143. The dominant mechanism depends on the amplitude of the 
voltage or the input power 144. In this study, the first breakdown of the plasma cannot 
be obtained by the single RF voltage, an additional LF voltage must be supplied in order 
to produce a stable RF discharge. According to the literature, the amplitude of electron 
oscillation A can be estimated 84,145: 

A ≈ 1.414 <µe> 𝑉𝑉
𝜔𝜔𝑑𝑑

,                                                          (2-5) 

where <µe> is the average electron mobility over the time varying electric field 
strength, V is the voltage amplitude, ω (= 2πf) is the angular frequency, d is the gap 
distance. The electron mobility under standard atmospheric pressure for argon gas is 
about 430 cm2 V-1 s-1 140. The influence of oxygen concentration (1%) on the electron 
mobility is ignored. In this way, the electron oscillation amplitude A in the centre of the 
electrodes is estimated at about 0.5 mm which is smaller than the gas gap distance (d 
= 1 mm), indicating that the electrons are trapped in the plasma bulk. Figure 2.8 shows 
the phase-resolved excitation of α mode discharge and α-γ coexisting mode discharge. 

i. α mode 

As previously discussed in Section 2.3.2, the RF discharge with an input power of 100 
W can be attributed to α mode. In the α mode, the discharge is sustained by the 
volumetric ionization processes in the bulk 84. In this case the secondary ion-electron 
emission on the electrodes is not essential for the existence of the self-sustained 
plasma. The bulk electrons usually have a relatively low mean energy because of the 
low local electric field value; nevertheless, this Ohmic heating is sufficient to sustain 
the plasma 84. Due to the high excitation energy threshold of Ar 2p1 and Ar 2p5 states 
(13.5 eV and 13.3 eV, respectively), the phase-resolved excitation rate of Ar in α mode 
is too weak to detect under these conditions, see Figure 2.8(a). 

ii. α-γ coexisting mode 

Unlike the α mode discharge which is sustained by volumetric ionization processes, the 
γ mode discharge is sustained by the sheath gas breakdown allowing substantial ionic 
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(a) 

 

(b) 

Figure 2.8: (I) Phase and space resolved electron impact excitation and (II) Corresponding 
gas voltage and integrated excitation rate of the single RF discharge operating in (a) α 

mode and (b) α-γ coexisting mode.  
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flux to the instantaneous cathode and a strong secondary electron emission 84. The 
electron avalanches are created in the high electric field of the sheath with a 
particularly high excitation rate near the substrate, see Figure 2.8(b).  

C. DF discharges 

The DF discharge mechanism is rather complex as the excitation is modulated by the 
time varying LF and RF electric field. At the same time, the ions, which respond to the 
average electric field mainly determined by the LF component, also play an important 
role in the discharge generation. Depending on the amplitude ratio of the LF and RF 
signals, the excitation dynamics and the discharge mechanism are expected to exhibit 
a different behaviour. 

i. High LF power and low RF power 

The time and space resolved DF excitation during one LF cycle with PLF = 115 W and 
PRF = 13 W is shown in Figure 2.9(I). In this case, the maximum of LF gas voltage (ULF) 
is about 900 V, while the amplitude of the RF voltage (URF) is about 150 V, see Figure 
2.9(II). Similar to the single LF discharge in Figure 2.6, the DF excitation operates in a 
pulsed transient mode. The plasma ignites and extinguishes during each half LF cycle, 
and the light emission from Ar 2p1 and Ar 2p5 states can be observed for approximately 
40% of the LF period time. The LF gas voltage decreases after the breakdown, 
indicating the formation of a cathode voltage fall with a high ion density close to the 
cathode. Moreover, the oscillation of the excitation indicates the electric field 
modulation by the RF voltage. Figure 2.10 shows the detailed time-resolved excitation 
during phase (1) and (2) in Figure 2.9. 

From Figure 2.10(a), the discharge exhibits a “Townsend-like” structure with the 
excitation rate increasing from the instantaneous cathode (top electrode) to anode 
(bottom electrode). The “Townsend-like” discharge is mainly determined by the ions 
from the preceding discharge which are displaced by the LF voltage and the total gas 
voltage (ULF + URF) which is enhanced during the negative half cycle and weakened 
during the positive half cycle of the RF voltage. The ignition occurs when the 
momentary total gas voltage reaches ~700 V in which ULF ~ 500 V.  Compared to the 
single LF discharge, the moment of the gas breakdown for the DF discharge is brought 
forward.  
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In Figure 2.10(b), corresponding to phase (2), the ionization rate and thus the ion 
density is much higher. As a result, the electric field and the ionization near the cathode 
are enhanced, resulting in a “glow-like” structure with a negative glow and a positive 
column. Moreover, the electric field and the excitation/ionization are modulated by the 
RF voltage reaching a maximum during the negative half cycle and minimum during 
the positive half cycle of the RF.  

Under these conditions with a high LF power and a low RF power, the discharge regime 
exhibits a similar transient behaviour as the single LF discharge, which depends on the 
local electric field determined by the total gas voltage (ULF + URF) and the ion 
distribution which mainly responds to the LF component. Addition of the RF voltage 
can be a potential approach to improve the plasma uniformity by temporally modifying 
the electric field, thus helps to slow down the discharge development and avoid the 
ionization level to be too high.  

 

Figure 2.9: (I) Phase and space resolved electron impact excitation and (II) Corresponding 
gas voltage, LF discharge current and integrated excitation rate of DF discharge with PLF = 

115 W and PRF = 13 W.  
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(a) 

 

(b) 

Figure 2.10: Detailed phase resolved electron impact excitation and corresponding gas 
voltage, LF discharge current and integrated excitation rate of (a) phase (1), and (b) phase 

(2) in Figure 2.9. 
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ii. Low LF power and high RF power 

The time and space resolved excitation of the DF discharge during one LF cycle with 
PLF = 10 W and PRF = 107 W is shown in Figure 2.11. Unlike the transient mode in the 
last section, under the present conditions, the discharge is in a continuous mode which 
is modulated by both the LF and the RF electric field. The amplitude of the LF voltage 
(ULF) is about 250 V, while that of the RF voltage (URF) is about 300 V. Depending on 
the phase of the LF voltage, the RF oscillation results in a different discharge 
mechanism. Figure 2.12 shows the detailed time-resolved excitation during phase (1) 
and (2) of Figure 2.11. 

From Figure 2.12(a), the discharge is in an approximately symmetrical “γ-like” mode 
exhibiting a sheath breakdown in both the positive and the negative half cycle of the 
RF. As previously discussed, the “γ-like” structure is caused by the electrons 
accelerated in the sheath electric field and the electron avalanches within the sheath 
84. The transient sheath electric field is determined by the total gas voltage (ULF + URF) 

 

 

Figure 2.11: (I) Phase and space resolved electron impact excitation and (II) Corresponding 
gas voltage, LF discharge current and integrated excitation rate of the DF discharge with PLF = 

10 W and PRF = 107 W.  
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(a) 

 

(b) 

Figure 2.12: Detailed phase resolved electron impact excitation and corresponding gas 
voltage, LF discharge current and integrated excitation rate of (a) phase (1), and (b) phase 

(2) in Figure 2.11. 
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and the spatial distribution of ions which can only respond to the LF voltage due to 
their large mass. The ions from the preceding LF half cycle generates a self-induced 
electric field in the gas gap that neutralizes the electric field of the LF gas voltage at this 
moment (phase (1)). The discharge therefore is mainly driven by the RF electric field 
and exhibits a symmetrical “γ-like” structure. Besides, from Figure 2.12(a), the 
discharge in the bulk area can also be characterized. According to literature, the bulk 
discharge in this study can be  attributed to the sheath expansion and the sheath 
collapse structures 143,146. The sheath expansion is induced by the excitation/ionization 
near the sheath edge caused by the energetic electrons which are accelerated by sheath 
oscillations toward the opposite electrode 84. When the sheath collapses, the collision 
rate at atmospheric-pressure is so high that the generated electrons cannot 
instantaneously follow the retreating sheath merely by diffusion. Instead, a self-
consistent electric field builds up to drive the electrons, creating a region of negative 
space charge. The resulting electric field accelerates the electrons toward the electrode 
and heats the electrons in the process 143,147.  

In Figure 2.12(b), corresponding to phase (2), the amplitude of the total gas voltage 
(ULF + URF) yields from ~-500 V to ~100 V. Due to the difference in mobility, the 
electrons can follow the fast varying RF field, while the ions can only react to the LF 
field and can be regarded as approximately static within the RF period (~74 ns). The 
asymmetric LF component of the gas voltage leads to the ion accumulation near the 
instantaneous cathode (top electrode in this case). As a result, the electric field and 
thus the excitation rate in this phase exhibits an asymmetric structure. In the negative 
half cycle of the RF voltage, the sheath electric field and the ion-impact secondary 
electron emission are enhanced, resulting in a more pronounced excitation/ionization 
in the sheath and the bulk regions. In the positive half cycle of the RF voltage, the 
discharge is not obviously influenced in either the sheath or the bulk region compared 
to phase (1) in Figure 2.12(a).  

By applying a low LF power to the RF power, the ion flux and the electron energy in the 
sheath region can be manipulated. This helps to increase the concentration of reactive 
species in the boundary layer of the electrode and to enhance the plasma chemistry 
compared to a single RF discharge, as discussed in Ref 123. Moreover, the LF voltage 
transfers charge in the space within each half LF cycle, which induces a more uniform 
distribution of ions and thus a more uniform plasma compared to the single RF 
discharge in which the ions can be regarded as static.  
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iii. LF and RF power with comparable high amplitude 

Figure 2.13 shows the time and space resolved excitation during one LF cycle with PLF 

= 95 W and PRF = 100 W. The amplitude of the LF voltage (ULF) is about 700 V, while 
the RF voltage (URF) is about 300 V. The DF excitation reveals both the transient 
property of the LF breakdown and the continuous behaviour of the RF excitation. 
Under these conditions, three distinct regimes can be identified from the time-resolved 
excitation profile, as shown in Figure 2.14.   

In Figure 2.14(a), the discharge is characterized as “α-like” mode with excitation in the 
bulk during both the negative and the positive half cycle of the RF electric field. In this 
phase, the self-induced electric field of the spatial ions neutralizes the electric field of 
the LF gas voltage (ULF ~ -500 V). The electron energy gain is mainly driven by the 
rapid RF electric field oscillation in the bulk 84. The excitation therefore has an 
approximately symmetrical “α-like” mode which contains both the sheath expansion 
and the sheath collapse structures. 

 

 

Figure 2.13: (I) Phase and space resolved electron impact excitation and (II) Corresponding 
gas voltage, LF discharge current and integrated excitation rate of the DF discharge with PLF = 

95 W and PRF = 100 W.  
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(a) 

 

(b) 

Figure 2.14: Detailed phase resolved electron impact excitation and corresponding gas 
voltage, LF discharge current and integrated excitation rate of (a) phase (1) and (b) phase 

(2) in Figure 2.13. 
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In Figure 2.14(b), corresponding to phase (2), the spatial ions generate a higher electric 
field than the LF gas voltage (ULF = -250 V ~ -100 V). As a result, the “α-like” excitation 
mode exhibits an asymmetrical structure with a more pronounced bulk excitation 
during the positive half cycle while no discharge is observed during the negative half 
cycle of the RF electric field.  

As the discharge further develops, in Figure 2.14(c), the polarity of the LF gas voltage 
reverses with an amplitude of about 150-200 V. The electric field in the gas gap, 
determined by both spatial ions and ULF, reaches a maximum. The sheath electric field 
and thus the ion-impact secondary electron emission is enhanced, resulting in the 
sheath gas breakdown with a particularly high excitation rate.  

Under these conditions, the DF excitation exhibits the characteristics of both the LF and 
RF discharge, namely, a strong excitation/ionization near the instantaneous cathode, 
and an extended discharge period. Since the excitation is continuous even between the 

 

(c) 

Figure 2.14 cont: Detailed phase resolved electron impact excitation and corresponding gas 
voltage, LF discharge current and integrated excitation rate of (c) phase (3) in Figure 2.13. 
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LF half cycles, the residual charges in the volume, which are generated and trapped by 
the RF voltage, contribute to the pre-ionization before the breakdown. A high 
breakdown voltage, which may induce a rapid multiplication of electrons and lead to 
the formation of streamers or filamentary arcs, can be avoided. The DF excitation 
therefore could be an approach to improve the plasma uniformity together with a 
higher concentration of reactive species near the substrate.  

D. Discussions 

According to the phase-resolved electron impact excitation caused by the high-energy 
tail of the EEDF, the single LF or RF discharge exhibits limited modification of the 
excitation dynamics. The DF excitation however reveals the capability of modifying the 
electric field and thus the EEDF 86. By applying a low RF power to a high LF power, the 
electric field can be modified and the plasma uniformity can be improved by reducing 
the gas breakdown voltage and controlling the discharge development. By applying a 
low LF power to a high RF power, the ion flux and the electron energy in the sheath 
region can be manipulated, which helps to increase the concentration of reactive 
species in the boundary layer of the electrodes and to potentially improve the 
efficiency of plasma-assisted surface engineering processes. By combining an LF power 
and an RF power with comparable high amplitudes, the advantages of both discharges, 
namely, a strong excitation/ionization near the cathode, and an extended ignition 
period or a continuous excitation, can be achieved. The DF excitation therefore can be 
a potential approach to enhance the efficiency of surface functionalization or the 
productivity of thin film deposition via PECVD. Furthermore, the DF discharge can also 
bring a substantial advantage in the plasma-assisted gas phase chemical conversion in 
which high energy efficiency and high conversion efficiency are needed 87,88. This 
includes CO2 decomposition into CO and O2 in CO2-neutral energetics cycle 88, methane 
conversion 148, nitrogen fixation 149, hazardous waste gases reduction 150 etc. The 
energetic electrons are required to sustain the ionization, however the subsequent 
dissociative recombination is energetically an inefficient way of initiating chemical 
reactions 88. The possibility of tuning the EEDF in the atmospheric-pressure DF 
discharge can boost the efficiency of plasma chemistry in molecular gases when 
compared to standard corona-type DBD 80,151. At the same time the non-thermal 
character of the plasma as well as the large area operation can enable efficient 
utilisation of catalytic surfaces. 
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2.4. Conclusions 

In this study, a homogeneous dielectric barrier discharge was obtained in atmospheric-
pressure Ar/O2 gas mixture excited by a dual frequency (200 kHz + 13.56 MHz) power 
source system for the first time. Electrical characteristics and phase-resolved optical 
emission spectroscopy (PROES) with nanosecond time resolution were employed to 
investigate the excitation dynamics and the plasma generation mechanism. The DF 
excitation results in a time-varying electric field which is determined by the total LF 
and RF gas voltage and the spatial ion distribution which only responds to the LF 
component. The LF component transfers the charge from the bulk to the surface and 
leads to excitation/ionization processes near the substrate, while the RF component 
allows charge trapping in the gas gap. This mechanism is supported by the analysis of 
Lissajous figures (Q-V plots) for the equivalent capacitances and the transferred charge 
in the gas gap. Either single LF or single RF discharge has limited modulation of the 
excitation dynamics, while the DF discharge reveals capability of temporally 
modulating the electric field and thus the excitation/ionization mechanism by tuning 
the amplitude ratio of the superimposed LF and RF signals. The DF discharge exhibits 
potential applications in plasma-assisted surface processing as well as in other fields 
such as plasma-assisted gas phase chemical conversion in which control of the electron 
energy distribution function (EEDF) is required.
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Chapter 3. 

 
Improving Uniformity of Atmospheric-Pressure 
Dielectric Barrier Discharges Using Dual 
Frequency Excitation * 

 

A dual-frequency (DF) excitation consisting of a low frequency (LF) voltage at 200 kHz and a 
radio frequency (RF) voltage at 13.56 MHz is reported as a novel approach to improve the 
uniformity of atmospheric-pressure dielectric barrier discharges (DBDs). It is shown that by 
applying an extra RF voltage, an increased power is injected into the discharge, and a higher 
current density and a stronger discharge emission are observed. Due to the periodic oscillation 
of the RF electric field, the discharge is temporally modulated i.e. enhanced and weakened 
during each RF cycle. Moreover, a combination of LF and RF leads to a discharge strongly 
modulated by both frequencies, as confirmed by the fast Fourier transform (FFT) of the 
discharge intensity. In the continuously running discharge, the momentary gas voltage is 
relatively constant (~0.7 kV in this study). Nevertheless, the discharge development is slowed 
down with a lower averaged current amplitude and a longer duration. Hence, the RF electric 
field facilitates improved stability and uniformity of the atmospheric-pressure DBDs 
simultaneously allowing a higher input power.  

                                                 
* Published as: Y. Liu, F. J. J. Peeters, S. A. Starostin, M. C. M. van de Sanden and H. W. de Vries, 
Plasma Sources Science and Technology, 2018, 27: 01LT01. 



86                                    Chapter 3.  Improving Uniformity of AP-DBDs Using DF Excitation 
 

 

3.1. Introduction 

Atmospheric-pressure diffuse non-thermal plasma is required in various applications 
including plasma-assisted gas phase chemical conversion, surface modification and 
functional thin film deposition 17,23,25,57,80,115. One of the common ways to create large 
area non-thermal plasmas at atmospheric pressure is the dielectric barrier discharge 
(DBD) 23,25,115. However, atmospheric-pressure DBD is typically filamentary resulting 
in a strong spatial non-uniformity of the plasma restricting its use for demanding 
applications e.g. deposition of high quality thin films 23,25. The less common uniform 
modes of AP-DBD expand the novel application fields in plasma-assisted surface 
engineering and therefore are nowadays in focus of scientific and industrial interest 
26,32,36,43,60,62,65,96.  

To get a stable homogeneous DBD, during the breakdown the secondary electron 
emission at the cathode (γ emission), related to the negative surface charge of the 
dielectric 39,46, the trapped ions in the gas 32 and the long-lived metastables 89, has to be 
enhanced compared to the ionization in the gas bulk (α ionization) 26. During the 
discharge development, the ionization has to be slow enough to avoid a large electronic 
avalanche. This can be achieved by enhancing the multi-step ionization process e.g. 
Penning ionization 38 and by reducing the gas voltage as soon as or before the 
ionization level becomes high enough to localize the electric field 90.  

In our previous research by Starostin et al., an atmospheric-pressure high-current 
diffuse DBD operating at ~200 kHz frequency in a N2/O2 gas mixture was obtained 
27,63. The discharge is initiated by the Townsend breakdown mechanism and transits 
into a “glow-like” mode for each half cycle of the electric field. Such a diffuse discharge 
as a plasma source for the atmospheric pressure plasma enhanced chemical vapour 
deposition (AP-PECVD) process in conjunction with organosilicon precursors results 
in high quality inorganic silica-like thin films deposited on thermally sensitive 
polymeric substrates 36,15,65,117. In this process, an increased discharge power density 
allows to synthesize silica-like films with improved microstructure, lower impurities 
level and excellent gas diffusion barrier properties 29,65. Moreover, a higher power 
density is also required to increase the deposition rate and therefore the throughput 
of the PECVD process. However, the uniform discharge could transit into a filamentary 
mode when the power dissipated in the discharge increases beyond a certain limit 69.  
The lack of power slows down the plasma-assisted processes and hampers the 
technological development. 
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In this chapter, a potential approach to improve the atmospheric pressure plasma 
uniformity at an increased input power is reported by applying an extra 13.56 MHz 
radio frequency (RF) voltage on the 200 kHz low frequency (LF) voltage.

3.2. Experimental setup 

A schematic of the atmospheric-pressure roll-to-roll plasma reactor is presented in 
Figure 3.1. The discharge was ignited between a flat bottom electrode and a curved top 
electrode with a radius of 60 mm and a width of 45 mm. Both the electrodes were 
covered by 0.1 mm thick polymeric substrates as the dielectrics. The electrode 
temperature was maintained at 30 ℃ by means of an oil circulation system. The 
smallest distance between the two electrodes was 0.5 mm. The gas mixture was 
injected from the left side of the discharge area in Figure 3.1, while the substrates were 
transported at 40 mm/min in the same direction as the gas flow. The flow rate of the 
gas mixture (Ar/O2/N2) was controlled at 5 slm/1 slm/1 slm (standard litre per 
minute). The DBD was excited by 200 kHz LF (SEREN L3001) and 13.56 MHz RF 
(SEREN R601) power sources which were superimposed and applied to the top 
electrode through a home-made matching circuit. The discharge was operated in a 
pulsed mode with a plasma-on period of 800 µs and modulatable duty cycle (DC), i.e. 

 

  

Figure 3.1: Experimental set-up for the dual-frequency dielectric barrier discharges together 
with the electrical and optical diagnostic methods. 
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26% - 82% in this study. The discharge voltage and current were measured by a high 
voltage probe (Tektronix P6015A) with 75 MHz bandwidth and a current transformer 
(Pearson model 4100), respectively. The discharge emission from the front view of the 
discharge area was obtained using a digital camera (Olympus OM-D E-M10 Mark II). 
An intensified charge-coupled device (ICCD) camera (PI MAX3), triggered by the 
applied voltage, was employed to collect the discharge emission from the side view of 
the gas gap with a macro lens (Tamron AF 90 mm).

3.3. Results and discussions 

3.3.1 Electrical characteristics 

Figure 3.2 shows the voltage and current waveforms within one LF cycle (5 µs) 
recorded for the fixed electrode configuration and gas mixture with increasing 
amplitude of the RF voltage (URF). In the single LF discharge (URF = 0 kV), two current 
peaks can be clearly identified from the measured current, see Figure 3.2(a). Note that 
the measured current also contains a displacement component. In the DF discharges 
(URF > 0 kV), both the current and the voltage consist of the LF component and the RF 
oscillation, see Figure 3.2(b)-(d).  

By doing fast Fourier transform (FFT) of the original waveforms, the LF and RF 
components of both voltage and current can be separated. Due to the large ratio of the 
two frequencies (ωRF/ωLF = 13.56 MHz/200 kHz) in this study, both the voltage and 
the current are simply a superposition of the two single-frequency signals. Under these 
conditions, the FFT amplitude of the LF voltage is relatively constant (2.2 ± 0.1 kV), 
while the RF voltage gradually increases from 0 to 0.58 kV. The FFT amplitudes of the 
current as a function of URF are presented in Figure 3.3. With URF increasing, the LF 
current increases from 0.12 A to 0.16 A, while the RF current increases significantly 
from 0 A to 0.97 A. This is mainly induced by an increase of the capacitive component 
of the RF current due to the solid dielectrics and the gas gap 21.  

Furthermore, by doing fast Fourier transform (FFT) filtering of the original waveforms, 
signals above 10 MHz including the RF are removed, and the LF component can be 
extracted. The FFT-filtered Lissajous figures (or Q-V plots) and the FFT-filtered gas 
voltage and discharge current are illustrated in Figure 3.4 and Figure 3.5, respectively.  

From Figure 3.4, the FFT-filtered Lissajous figures have approximately the form of a 
parallelogram. Lines AB and CD represent the phase when the plasma is formed in the 
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Figure 3.2: Current-voltage waveforms with RF voltage amplitude of (a) 0 kV, (b) 0.26 kV, (c) 
0.46 kV and (d) 0.58 kV.  
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gas gap, and the slope of these lines can approximately indicate the total capacitance 
of the dielectrics ζdiel(t) 137. Lines DA and BC represent the phase when no plasma is 
ignited, and the slope dQ/dV corresponds to the total reactor capacitance ζcell(t) 24. 
With URF increasing, 𝜁𝜁 R̅diel gradually decreases, while 𝜁𝜁 R̅cell increases.  

From the FFT-filtered gas voltage and discharge current during the positive LF half 
cycle (2.5 µs) in Figure 3.5, the amplitude of the LF gas voltage gradually decreases 
with an increased URF. This is mainly induced by the enhancement of the discharge 
current and thus the charge transferred to the surface of the dielectrics (as previously 
shown in Figure 3.4). As a result, the LF voltage applied to the dielectrics is increased. 
Since the total LF voltage is relatively constant (ULF = 2.2 ± 0.1 kV), the voltage applied 
to the gaseous gap therefore is reduced. Besides, with URF increasing, the maximal 
amplitude of the discharge current decreases, while  the discharge duration is longer, 
indicating a slower discharge development and thus a more stable plasma 26.  

3.3.2 Time-integrated discharge emission 

Figure 3.6 shows the time-integrated side-view ICCD images of the discharge emission 
with an exposure time of 1.6 ms. The discharges are relatively uniform and exhibit a 
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Figure 3.3: Variations of the FFT current amplitudes as a function of the RF voltage (URF). 
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Figure 3.4: FFT-filtered, LF-induced Lissajous figures (Q-V plots) with RF voltage amplitude 
of (a) 0 kV, (b) 0.26 kV, (c) 0.46 kV and (d) 0.58 kV. 
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Figure 3.5: FFT- filtered gas voltage and discharge current with RF voltage amplitude of (a) 
0 kV, (b) 0.26 kV, (c) 0.46 kV and (d) 0.58 kV. 
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“glow-like” structure with the maximal emission intensity close to the dielectric 
surfaces and a less bright bulk region. With URF increasing, the discharge area gradually 
expands in the lateral direction, and the intensity of the discharge emission increases.  

Figure 3.7 shows the time-integrated front-view discharge emission with an exposure 
time of 4 ms, and the corresponding lateral intensity profiles are presented in Figure 
3.8. It can be seen that the single LF discharge (URF = 0 kV) is non-uniform with 
numerous filaments appearing in the discharge area (Figure 3.7(a)). With URF 

increasing, the uniformity of the discharge is gradually improved, and filaments can be 
hardly seen in Figure 3.7(d). This is in accordance with the electrical characteristics 
described in Figure 3.5 as the discharge development is slowed down with the extra 
RF voltage, indicating a more stable discharge.  

It may be argued that the discharge uniformity improvement is due to the increased 
plasma density due to the extra RF power. Therefore, the emission of the single LF 
discharge as a function of the input power was studied. In this study, there were two 
ways to enhance the input power i.e. by increasing the duty cycle (DC) and by 
increasing the voltage (ULF), see Figure 3.9 and Figure 3.10, respectively. Under both 
conditions, the discharge emission intensity increases with the total input power. 

 

Figure 3.6:  Time-integrated side-view ICCD images of the discharges with RF voltage 
amplitude of (a) 0 kV, (b) 0.26 kV, (c) 0.46 kV and (d) 0.58 kV. The minimal gaseous gap 

distance is 0.5 mm. The exposure time is 1.6 ms for each image. 
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Figure 3.7: Time-integrated front-view discharge emission with RF voltage amplitude of (a) 0 
kV, (b) 0.26 kV, (c) 0.46 kV and (d) 0.58 kV. The exposure time of each image is 4 ms. 

 

 

 

Figure 3.8: Normalized intensity profile of the front-view discharge emission with RF voltage 
amplitude of (a) 0 kV, (b) 0.26 kV, (c) 0.46 kV and (d) 0.58 kV. 
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However, the discharge uniformity is not improved, instead both the number and the 
intensity of the filaments are getting higher with the input power. Therefore, for the 
DF discharges, it is not the plasma density increase but another mechanism that leads 
to the plasma uniformity improvement. 

3.3.3 Phase-resolved discharge emission 

By controlling the delay between the ICCD camera gate and the voltage, the single shot 
side-view ICCD emission with a gate width of 10 ns was obtained at various phases of 

 

Figure 3.9: Time-integrated front-view discharge emission of single-LF discharges as a 
function of duty cycle (DC): (a) DC = 26%, (b) DC = 34%, (c) DC = 50%, (d) DC = 58%, (e) DC = 

74% and (f) DC = 82%. The input power is kept at 80 W under all conditions. The exposure 
time of each image is 4 ms. 
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the LF cycle (5 µs). The emission profiles in the discharge area were integrated in the 
horizontal direction (x direction in Figure 3.6), and the phase-resolved discharge 
emission was obtained by collating and reconstructing the results, as shown in Figure 
3.11. The flat grounded electrode is situated at z = 0 mm, and the centre of the curved 
powered electrode is situated at z = 0.5 mm where the gap distance is the minimum. 
The intensity is normalized to the maximum of the emission in Figure 3.11(d). From 
Figure 3.11(a), the LF discharge (URF = 0 kV) is in a transient mode occupying 
approximately 40% of the LF cycle (5 µs). During each breakdown, the discharge is 
continuous with two pulses and a tail.  Similar to the single LF discharge, the DF 
discharge (URF > 0 kV) is transient within the LF cycle but is also temporally modulated 

 

Figure 3.10: Time-integrated front-view discharge emission of single-LF discharges as a 
function of input power: (a) ULF = 1.93 kV, (b) ULF = 2.12 kV, (c) ULF = 2.25 kV, (d) ULF = 2.37 kV, 
(e) ULF = 2.46 kV and (f) ULF = 2.56 kV. The duty cycle (DC) is kept at 50% under all conditions. 

The exposure time of each image is 4 ms. 
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by the RF voltage, see Figure 3.11(b)-(d). With URF increasing, both the discharge 
duration and the maximal emission intensity are enhanced. The detailed phase-
resolved emission profiles in the surrounded areas in Figure 3.11 together with the gas 
voltage and the discharge current are illustrated in Figure 3.12 and Figure 3.13, 
respectively. The estimated values of the gas breakdown voltage, the maximal 
amplitude of the LF discharge current, the input power and the normalized discharge 
emission intensity as a function of URF are presented in Figure 3.14.  

 

Figure 3.11: Phase-resolved discharge emission within one LF cycle (5 µs) of the DF 
discharges with the RF voltage amplitude of (a) 0 kV, (b) 0.26 kV, (c) 0.46 kV and (d) 0.58 kV. 
The dash lines indicate the position of the minimal gaseous gap (0.5 mm). The shaded areas 

correspond to the detailed emission profiles in Figure 3.12 and Figure 3.13. 
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From Figure 3.12, the single-LF discharge emission shows a structure with a high 
luminescence close to the instantaneous cathode and a bulk region, which under these 
conditions is identified as a high-current “glow-like” mode and is transited from a low-
current “Townsend-like” structure (too weak to see here) 27. Due to the  weak discharge 
during the Townsend breakdown, the electric field is relatively uniform along the 
gaseous gap, the electrons are accelerated in the electric field and cause electron 
avalanches moving to the anode 141. In this case, the gas breakdown voltage of the 
stable discharge was estimated at about 0.67 kV which  is much lower than the first 
breakdown (~1.9 kV, result not shown here) when the “memory effect” is not 
established 26. As the discharge further develops, the positive space charge, initially 
accumulated in the anode region due to the difference in the mobility of electrons and 
positive ions, starts to affect the electric field profile. This will lead to the enhancement 
of the electric field and ionization rate in the cathode direction, resulting in the 
formation of the fast propagating ionization wave directed from the anode to the 

 

Figure 3.12: Phase-resolved intensity, gas voltage and LF discharge current in the initial 
stage of the single-LF discharge. 

 



98                                    Chapter 3.  Improving Uniformity of AP-DBDs Using DF Excitation 
 

 

cathode 27. Thus a transition to the glow-like mode occurs, accompanied by a fast jump 
in the current and the emission intensity by a few orders of magnitude, see Figure 3.12.  

From Figure 3.13, the DF ignition starts when the momentary LF voltage is about 0 kV, 
while the total gas voltage (ULF + URF) reaches about 0.65 kV (similar to the single LF 
discharge in Figure 3.12). From Figure 3.14, with URF increasing, the total gas 
breakdown voltage stays relatively stable with a value of 0.7 ± 0.05 kV. For the DF 
discharge, due to the difference in mobility, the ions can be regarded as static during 
the RF period (~74 ns), while the electrons can follow the fast varying RF electric field. 
The field in the gas gap is enhanced during the positive half cycle and weakened during 
the negative half cycle of the RF voltage, leading to a temporally synchronous 
oscillation of the electron acceleration and thus the gas ionization. As a result, the 
ionization propagation within the LF cycle is slowed down, as confirmed by the clear 
“Townsend-like” to “glow-like” transition in Figure 3.13 as well as the gradually 

 

Figure 3.13: Phase-resolved intensity, gas voltage and LF discharge current in the initial 
stage of the DF discharge with RF voltage amplitude of 0.58 kV.   
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decreasing amplitude of the LF discharge current in Figure 3.14. As previously 
introduced, with a slower discharge development, a large electronic avalanche and 
thus a filamentary discharge can be avoided 26. Hence, the RF modulation can be an 
effective approach to improve the stability and uniformity of the discharge, as shown 
in Figure 3.7. Furthermore, from Figure 3.14, an increased URF also allows a higher 
input power together with a higher discharge emission intensity.  

3.3.4 FFT of phase-resolved discharge emission 

To further understand the DF discharge mechanism, the FFT of the phase-resolved 
discharge emission in Figure 3.11 is studied, see Figure 3.15. The fundamental and the 
harmonics of fLF, fRF and fRF ± fLF signals can be observed. The FFT amplitudes of the 
fundamental signals (f0LF, f0RF and f0RF ± f0LF) as a function of the RF voltage amplitude 
are shown in Figure 3.16. With URF increasing, both the fundamental components of LF 
and RF are moderately increased. The f0RF ± f0LF components, however, exhibit a more 
significant increase, indicating a stronger response of the discharge to the combined 
frequencies.
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Figure 3.14: Variations of the breakdown voltage, the maximal LF current amplitude, the 
input power and the normalized discharge emission intensity as a function of the RF voltage 

amplitude. 
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Figure 3.15: FFT of the phase-resolved emission intensity with RF voltage amplitude of (a) 0 
kV, (b) 0.26 kV, (c) 0.46 kV and (d) 0.58 kV. 
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3.4. Conclusions 

In summary, atmospheric-pressure dielectric barrier discharges using a 200 
kHz/13.56 MHz dual-frequency (DF) excitation were studied. It is shown that a 
combination of LF and RF leads to a discharge strongly modulated by both frequencies, 
providing a higher input power and an improved discharge uniformity. In the 
continuously running discharge, the ignition starts when the momentary gas voltage 
reaches the breakdown value (~0.7 kV in this study). Due to the periodic oscillation of 
the RF electric field, the discharge is temporally modulated with an enhancement and 
a weakening during each RF cycle. As a result, the discharge develops more slowly with 
a lower current amplitude and a longer duration, making RF modulation an effective 
approach to improve the uniformity of the discharge at an increased power input. 
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Chapter 4. 

 
Numerical Simulation of Atmospheric-Pressure 
200 kHz/13.56 MHz Dual-Frequency Dielectric 
Barrier Discharges * 

 

A one-dimensional drift-diffusion model was used to study atmospheric-pressure dual 
frequency (DF) dielectric barrier discharges in argon using the plasma modelling platform 
PLASIMO. The simulation exhibits an excellent agreement with the experimental results and 
gives insight into the DF plasma dynamics e.g. the electric field, the sheath edge profiles, the 
ionization/excitation rate and the electron energy distribution function (EEDF) profiles. The 
results indicate that due to the RF oscillation, the electric field, the sheath edge and thus the 
ionization/excitation are temporally modulated. As a result, the plasma conductivity is 
enhanced as the plasma density is higher. The discharge development is slowed down with a 
lower current amplitude and a longer duration. The time-averaged sheath is getting thinner 
with a more pronounced ionization rate near the substrate, which could help to improve the 
efficiency of plasma-assisted surface processing. In addition, the DF excitation exhibits a 
capability of modifying the EEDF profiles and controlling the plasma chemical kinetics, which 
can be applied to the other relevant fields e.g. gas phase chemical conversion. 

                                                 
* Published as: Y. Liu, K. van ’t Veer, F. J. J. Peeters, D. B. Mihailova, J. van Dijk, S. A. Starostin, M. 
C. M. van de Sanden and H. W. de Vries, Plasma Sources Science and Technology, accepted for 
publication. 
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4.1. Introduction 

Atmospheric-pressure (AP) large area diffuse plasma is highly required in various 
applications including plasma-assisted gas phase chemical conversion, surface 
modification and synthesis of high quality functional thin films 23,25,80,115. One of the 
common ways to create a large area non-thermal plasma at atmospheric pressure is 
the dielectric barrier discharge (DBD) 23,25,115. Compared to the other sources of 
atmospheric-pressure plasma 152,153 e.g. corona discharge and atmospheric-pressure 
plasma jet (APPJ), the DBD is characterized by low gas consumption, a considerably 
high specific power density and strong potential for up scaling 27. However, an 
atmospheric-pressure DBD is typically filamentary. The less common diffuse modes of 
DBD are usually limited by the use of gas mixtures, frequency, input power and so on. 
In recent years, AP-DBD has been widely investigated in various gas mixtures 28,30,31,39  
with both experimental 50,56,57 and numerical simulation 46,47,49,51–53 methods. In 
addition, in our previous research, a high-current diffuse DBD in atmospheric-pressure 
low cost N2/O2/Ar gas mixtures has been obtained 27,36,63,64. Using this discharge as the 
plasma source, high quality silica-like barrier layers with a uniform surface, a low level 
of defects and thus an excellent permeation property have been deposited on 
polymeric substrates 15,36,66.  

In order to improve the plasma processing efficiency, a dual frequency (DF) excitation 
system was introduced by applying an extra radio frequency (RF) voltage at 13.56 MHz 
on the low frequency (LF) voltage at 200 kHz 132,133. This DF excitation was previously 
investigated in low-pressure plasmas 118–122,125,126 as well as atmospheric-pressure 
plasmas 93,94,123,124,127–129. Under atmospheric pressure, the effects of the DF excitation 
are focused on tailoring the electron energy distribution function (EEDF) and 
controlling the plasma parameters e.g. electron density, gas temperature and ion flux 
to the sample 93,124,127,128. The high frequency voltage allows to trap the electrons in the 
plasma bulk with less electron loss at the surface, which helps to maintain a high 
plasma density 93,94,129. The low frequency voltage extracts the ions from bulk region to 
the cathode sheath and leads to the synthesis of a denser film with an improved 
microstructure compared to the pure RF DBD excitation 123,130. Additionally, in our 
previous work, it was found that due to the periodic oscillation of the RF electric field, 
the electron heating and thus the gas ionization is temporally modulated, leading to a 
slower discharge development and thus an improved uniformity of AP-DBD 154. 
Furthermore, by tuning the amplitude ratio of the superimposed LF and RF signals, the 
DF excitation also exhibits capability of modifying the EEDF, which can be applied to 
the other fields e.g. plasma-assisted gas phase chemical conversion 155. 
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In this chapter, a time-dependent, one-dimensional drift-diffusion model with the 
plasma modelling platform PLASIMO was employed to study the electrical 
characteristics of atmospheric-pressure DF dielectric barrier discharges. The paper is 
organised as follows: the methods including experimental and simulation are 
introduced in Section 4.2. The results including the electrical characteristics and the 
phase-resolved DF plasma dynamics are presented in Section 4.3. The conclusions and 
outlook are given in Section 4.4. 

4.2. Methods 

4.2.1 Experimental 

The detailed description of the experimental setup for the atmospheric-pressure DF 
discharge has been given in Chapter 2 and Chapter 3. Here only the main parameters 
of the system are briefly introduced. The discharge was ignited between a flat bottom 
electrode and a curved top electrode with a radius of 60 mm and a width of 45 mm. 
Both the electrodes were covered by 0.1 mm thick PET (polyethylene terephtalate) 
foils as the dielectrics. The electrode temperature was maintained at 30 ℃ by means of 
an oil circulation system. The smallest distance between the two electrodes was 1.0 
mm. The gas (99.99% Ar) was injected into the discharge area with a flow rate at 10 
slm (standard litre per minute). The substrates were transported at 40 mm/min. The 
top electrode was excited by 200 kHz LF (SEREN L3001) and 13.56 MHz RF (SEREN 
R601) power sources, while the bottom electrode was grounded. The injected power 
of both power sources was modulated at 625 Hz with a pulse width of 800 µs and a 
duty cycle of 50%. An intensified charge-coupled device (ICCD) camera (PI MAX3), 
triggered by the applied voltage, was employed to collect the discharge emission from 
the side view of the gas gap with a macro lens (Tamron AF 90 mm). 

4.2.2 Simulation 

A. Model equations 

To gain a better understanding of the physical and chemical processes in the plasma, a 
time-dependent one-dimensional drift-diffusion model with the plasma platform 
PLASIMO was employed 156. Details about PLASIMO can be found in Ref 70,71. The 
model is based on the balance equations derived from the Boltzmann equation 157: 
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𝜕𝜕𝑓𝑓𝑝𝑝
𝜕𝜕𝑑𝑑

+ 𝐯𝐯 ∙ ∇𝐱𝐱𝑓𝑓𝑝𝑝 + 𝐚𝐚 ∙ ∇𝐯𝐯𝑓𝑓𝑝𝑝 = �
𝜕𝜕𝑓𝑓𝑝𝑝
𝜕𝜕𝑑𝑑
�
𝑐𝑐𝑐𝑐

, (4-1) 

in which fp (x, v, t) is the distribution function of species p, x and v the position and 
velocity, respectively. a is the acceleration of the particles under the influence of 
external forces. The gradients ∇x and ∇v are the derivatives with respect to the position 
and velocity components, respectively. The subscript cr denotes the influence of 
collisions and radiation.  

The first three moments of the Boltzmann equation are obtained by multiplying it by 
mp, mpv and 1/2mpv2, respectively, and integrating the result over the velocity space. 
This gives the balance equations of particle, momentum and energy conservation.  

The zeroth moment of the Boltzmann equation leads to the particle balance equation: 

                           
𝜕𝜕𝑛𝑛𝑝𝑝
𝜕𝜕𝑑𝑑

+ ∇ ∙ 𝚪𝚪𝑝𝑝 = 𝑆𝑆𝑝𝑝, (4-2) 

where np is the density, Γp the flux density and Sp the source term (due to reactions) 
of species p.  

The first moment of the Boltzmann equation leads to the momentum balance equation, 
from which can be derived the drift-diffusion flux: 

                           𝚪𝚪𝑝𝑝 = 𝜇𝜇𝑝𝑝𝐄𝐄𝑛𝑛𝑝𝑝 − 𝐷𝐷𝑝𝑝∇𝑛𝑛𝑝𝑝,   (4-3) 

where µp   is the mobility, Dp the diffusion coefficient of species p and E the electric field. 
In the derivation, viscosity and inertia are neglected and an ideal gas, acceleration due 
to the electric field only, small collision times and dominance of the background gas 
are assumed 72,157. 

The second moment leads to the energy balance equation: 
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𝜕𝜕𝑛𝑛𝜀𝜀
𝜕𝜕𝑑𝑑

+ ∇ ∙ 𝚪𝚪𝜀𝜀 = 𝑆𝑆𝜀𝜀 , (4-4) 

with 𝚪𝚪ε the electron energy flux: 

                           𝚪𝚪e =
5
3
𝜇𝜇e𝐄𝐄𝑛𝑛𝜀𝜀 −  

5
3
𝐷𝐷e∇𝑛𝑛𝜀𝜀 , (4-5) 

where nε = neε is the mean electron energy density and µe the mobility of electrons. In 
this derivation proportionality of the heat flux with the energy gradient and a 
Maxwellian distribution is assumed 72. 

The source term Sp in equation (4-2) is obtained by considering the volume reactions 
in which particles are created or lost: 

                           𝑆𝑆𝑝𝑝 = �𝑐𝑐𝑐𝑐,𝑝𝑝𝑅𝑅𝑐𝑐
𝑐𝑐

= ��𝑐𝑐𝑐𝑐,𝑝𝑝𝑘𝑘𝑐𝑐�𝑛𝑛𝑞𝑞
𝑞𝑞

�
𝑐𝑐

,   (4-6) 

where cr,p  is the stoichiometric number of species p in reaction r, and Rr the reaction 
rate. The reaction rate is a product of reaction coefficient kr and densities of the 
reacting species nq. 

The electron energy source term Sε in equation (4-4) is: 

                           𝑆𝑆𝜀𝜀 = 𝚪𝚪e ∙ 𝐄𝐄 −�𝜀𝜀𝑐𝑐𝑅𝑅𝑐𝑐
𝑐𝑐

− 𝐿𝐿𝜀𝜀 , (4-7) 

in which the first term is due to the heating by the electric field, the second represents 
the energy loss in inelastic collisions, and the last term Lε represents the energy loss 
due to elastic collisions with the heavy components.  
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The transport equations — the particle balance equation (4-2), the momentum balance 
equation (4-3) and the energy balance equation (4-4) — are coupled to the Poisson 
equation for the computation of the electric field: 

                           ∇ ∙ (𝜖𝜖𝐄𝐄) = −∇ ∙ (𝜖𝜖∇𝑉𝑉) = 𝜌𝜌 = �𝑞𝑞𝑝𝑝𝑛𝑛𝑝𝑝
𝑝𝑝

, (4-8) 

where ϵ is the dielectric permittivity, V the electrostatic potential, ρ the space charge 
density and qp the charge of the species p. 

The boundary conditions on material surfaces for the particle transport equations in 
this study are described as follows: 

                           𝚪𝚪𝑝𝑝 ∙ 𝐧𝐧� = 𝑛𝑛𝑝𝑝 � 𝛼𝛼𝑝𝑝𝜇𝜇𝑝𝑝𝐄𝐄 ∙ 𝐧𝐧� +
1
4
𝑣𝑣𝑡𝑡ℎ,𝑝𝑝�, (4-9) 

where 𝐧𝐧� is the normal vector pointing toward the surface, αp the switching function 
defined as: 

𝛼𝛼𝑝𝑝 = �
1, 𝜇𝜇𝑝𝑝𝐄𝐄 ∙ 𝐧𝐧� > 0,
0, 𝜇𝜇𝑝𝑝𝐄𝐄 ∙ 𝐧𝐧� ≤ 0.                                            (4-10) 

vth,p is the thermal velocity of the species and is given by 

                           𝑣𝑣𝑡𝑡ℎ,𝑝𝑝 = �
8𝑘𝑘𝐵𝐵𝑇𝑇𝑝𝑝
𝜋𝜋𝑚𝑚𝑝𝑝

, (4-11) 

where kB  is the Boltzmann constant, mp the mass and Tp the temperature of species p. 

For the electrons the situation is more complicated since, in addition to the terms in 
equation (4-9), the flux Γγ due to secondary emission also needs to be taken into 
account: 



4.2.  Methods                                                                                                                                               111 

 

                           𝚪𝚪e ∙ 𝐧𝐧� = 𝑛𝑛e �𝛼𝛼e𝜇𝜇e𝐄𝐄 ∙ 𝐧𝐧� +
1
4
𝑣𝑣𝑡𝑡ℎ,e� −�𝛾𝛾𝑝𝑝

𝑝𝑝

𝚪𝚪𝑝𝑝 ∙ 𝐧𝐧�, (4-12) 

where 𝛾𝛾𝑝𝑝 is the secondary electron emission coefficient.  

The boundary conditions for the mean electron energy density is analogous 

                           𝚪𝚪𝜀𝜀 ∙ 𝐧𝐧� = 𝑛𝑛𝜀𝜀 �𝛼𝛼e
5
3
𝜇𝜇e𝐄𝐄 ∙ 𝐧𝐧� +

1
3
𝑣𝑣𝑡𝑡ℎ,e� −�𝛾𝛾𝑝𝑝

𝑝𝑝

𝜀𝜀𝛾𝛾,𝑝𝑝𝚪𝚪𝑝𝑝 ∙ 𝐧𝐧�, (4-13) 

where 𝜀𝜀𝛾𝛾,𝑝𝑝 is the initial mean energy of emitted electrons.  

For the Poisson equation (4-8), the boundary condition on a dielectric-plasma interface 
is: 

                           𝜖𝜖𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝐄𝐄𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑 ∙ 𝐧𝐧� − 𝜖𝜖0𝐄𝐄𝑔𝑔𝑔𝑔𝑔𝑔 ∙ 𝐧𝐧� = 𝜎𝜎, (4-14) 

                           𝜎𝜎 = � 𝐣𝐣 ∙ 𝐧𝐧� 𝑑𝑑𝑑𝑑, (4-15) 

                           𝐣𝐣 = �𝑞𝑞𝑝𝑝𝚪𝚪𝑝𝑝
𝑝𝑝

, (4-16) 

where 𝜖𝜖 is the permittivity, 𝜎𝜎 the surface charge density which is assumed static after 
deposition and j the current density. Other relevant boundaries are open boundaries, 
where the boundary conditions for the densities and potential are Homogeneous 
Neumann. 

B. Species and reactions 

In this study, four species (i.e. electrons, Ar+, Ar2+ and Ar metastables) are considered 
in the description of the argon chemistry. Table 4.1 lists those species and the related 
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(transport coefficients) input. The ion mobility is experimentally determined as 
function of the reduced electric field 73. The diffusion coefficient for Ar∗ is calculated 
using a collision integral method 74, which is evaluated at the gas temperature. The 
electron mobility is calculated as a function of the mean electron energy from the EEDF 
using Boltzmann solver BOLSIG+ 75, from which the chemical reaction rate coefficients 
involving electrons are also obtained. 

The total used set of reactions and the rate coefficients are given in Table 4.2. This 
includes excitation (R1) and de-excitation (R2), stepwise (R3) and direct ionization 
(R4), metastable-metastable ionization — both regular (R5) and associative (R6), 
atomic to molecular (R7) and molecular to atomic (R8) ion conversions, dissociative 
recombination (R9), three-body recombination (R10, R11) and radiative decay (R12).  

C. Setup and conditions 

Unlike the practical setup with a non-uniform electrode configuration 154,155, in the 
simulation a conventional DBD system with two parallel electrodes is used. Both the 
electrodes are covered by an insulating layer with a dielectric constant of 3.4. The 
discharge is generated in an effective discharge area of 1 m  1 m with a narrow gas 
gap of 1.0 mm. One electrode is grounded, while the other one is driven by a DF voltage 

Table 4.1: The species and their transport coefficients used in the model. 

Species 𝜺𝜺𝒕𝒕𝒉𝒉 (eV) 𝝁𝝁𝒑𝒑𝑵𝑵 𝑫𝑫𝒑𝒑𝑵𝑵 (𝐦𝐦−𝟏𝟏𝐬𝐬−𝟏𝟏) Ref. 

e 0 𝜇𝜇e𝑁𝑁(𝜀𝜀) Einstein 184 

Ar∗ 11.55 no charge 6.45163 ∙ 1020 74 

Ar+ 15.759 𝜇𝜇Ar+𝑁𝑁(𝐸𝐸/𝑁𝑁) Einstein 73 

Ar2+ 14.5 𝜇𝜇Ar2+ 𝑁𝑁(𝐸𝐸/𝑁𝑁) Einstein 73, 185 
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composed of 200 kHz LF and 13.56 MHz RF waveforms. The gas temperature is fixed 
at Tg = 450 K 76. The secondary electron emission coefficient (γ) is set to 0.07 77. The LF 
voltage (ULF) is maintained at 1000 V, while the RF voltage (URF) gradually increases 
from 0 V to 250 V. 

 

Table 4.2: The reactions and their rate coefficients as are taken into account in the fluid 
model. 

Index Reaction Rate coefficient Ref. 

1 e + Ar → Ar∗ + e 𝑘𝑘1(𝜀𝜀) 184 

2 e + Ar∗ → Ar + e 𝑘𝑘2(𝜀𝜀) 184 

3 e + Ar∗ → Ar+ + e + e 𝑘𝑘3(𝜀𝜀) 184 

4 e + Ar → Ar+ + e + e 𝑘𝑘4(𝜀𝜀) 184 

5 Ar∗ + Ar∗ → Ar+ + e + Ar 5.16 ∙ 10−16 m3s−1 186,
187 

6 Ar∗ + Ar∗ → Ar2+ + e 4.64 ∙ 10−16 m3s−1 186,
187 

7 Ar+ + Ar + Ar → Ar2+ + Ar 2.5 ∙ 10−43(300/𝑇𝑇[K])3/2 m6s−1 188 

8 Ar2+ + Ar → Ar+ + Ar + Ar 5.22 ∙ 10−16T[eV]−1 exp(−1.304/T[eV]) m3s−1 188 

9 e + Ar2+ → Ar∗ + Ar 7 ∙ 10−13 ∙ (300/𝑇𝑇𝑑𝑑[K])1/2 m3s−1 188 

10 e + Ar+ + e → Ar + e 8.75 ∙ 10−39Te[eV]−9/2 m6s−1 188 

11 e + Ar+ + Ar → Ar + Ar 1.5 ∙ 10−40(300/𝑇𝑇[K])2.5 m6s−1 189 

12 Ar∗ → Ar + hν 6.24∙ 105 s−1 185 
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4.3.  Results and discussions 

4.3.1 Electrical characteristics 

A.  Voltage-current waveforms 

The simulated voltage and current density waveforms of the DF discharges within one 
LF cycle (5 µs) are illustrated in Figure 4.1. The LF discharge current contains a single 
smooth peak every half LF cycle, while in the DF discharges (URF > 0 V), both the 
current density and the voltage are a superposition of the LF and RF components. By 
doing fast Fourier transform (FFT) of the original waveforms, the fundamental signals 
of LF (200 kHz) and RF (13.56 MHz) in the DF discharge can be separated in the 
frequency domain. Typical FFT spectra of voltage and current density in the DF 
discharge (ULF = 1000 V, URF = 250 V) are shown in Figure 4.2. The FFT amplitudes of 
current density as a function of URF are presented in Figure 4.3. With URF increasing 
from 0 V to 250 V, the LF current density increases slightly from 17.3 to 19.2 mA·cm-2, 
while the RF current density increases significantly from 0 A to 60.9 mA·cm-2. A similar 
electrical behaviour was also observed in the experimental study in Ref 154, which is 
attributed to the fast increase of the capacitive component of the RF current 84. 

B. Lissajous figures 

The charge-voltage characteristics (often referred as Lissajous figures) can be used for 
the determination of discharge power, charge transferred through the gas gap and 
effective dielectric capacitance 56,138,158. In this work, the FFT-filtered, LF-induced 
Lissajous figures are reconstructed and presented in Figure 4.4. Unlike the classical 
electrical theory that Lissajous figures have a form of parallelogram and can be divided 
into “plasma-off” and “plasma-on” phases 24,25,56,137, under these conditions, the FFT-
filtered Lissajous figures have an irregular shape. Therefore, three phases are 
introduced: Lines AB and DE represent the phases when no plasma is ignited, lines BC 
and EF represent the phases when the   plasma is fast developing, and lines CD and FA 
represent the phases of plasma decay, see Figure 4.4. The slope during each phase 
represents the corresponding equivalent capacitance 137, which are presented in 
Figure 4.5 as a function of URF. With URF increasing, the “plasma-off” periods (AB and 
DE) are getting shorter, and the equivalent capacitance increases. Both the “plasma-
developing” periods (BC and EF) and the “plasma-decay” periods (CD and FA) become 
longer. The capacitance of the “plasma-developing” periods (BC and EF) decreases, 
while the capacitance of the “plasma-decay” periods (CD and FA) is relatively constant.  
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(c)                                                                                     (d) 
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(e)                                                                                     (f) 

Figure 4.1: Original and FFT-filtered voltage-current density waveforms of the DF discharges 
with URF of (a) 0 V, (b) 50 V, (c) 100V, (d) 150 V, (e) 200 V and (f) 250 V. ULF = 1000 V under 

all conditions. 
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Figure 4.2: Fast Fourier transform (FFT) spectra of (a) voltage and (b) current density in the 
DF discharge with ULF = 1000 V, URF = 250 V. 
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Figure 4.3: Variations of the FFT current density components as a function of URF. 
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Figure 4.4: FFT-filtered Lissajous figures of the DF discharges with various RF voltage 
amplitudes. 
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Figure 4.5: Variations of the capacitances during different phases as a function of URF. The 
letters A-F correspond to those in Figure 4.4. 
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C. Gas voltage and discharge current 

From the applied voltage-current waveforms and the equivalent capacitances, the gas 
gap voltage (Ugas)  and discharge current (Idischarge) can be further obtained 56,158,159. The 
FFT-filtered gas voltage, discharge current and plasma conductivity of the DF 
discharges during the positive LF half cycle (2.5 µs) are presented in Figure 4.6. The 
breakdown voltage, the maximal LF discharge current, the input power and the 
maximal plasma conductivity as a function of URF are presented in Figure 4.7, which 
exhibit a good agreement with the experimental results in Ref 154. 

 

 

Figure 4.6: FFT-filtered (a) gas voltage, (b) discharge current density and (c) plasma 
conductivity of the DF discharges with ULF = 1000 V and URF = 0-250 V. 
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From Figure 4.6(a), the LF gas voltage experiences a considerable decrease after the 
gas breakdown under all conditions, which is induced by the formation of a cathode 
fall 84. With an increased URF, the total LF gas voltage gradually decreases, which is 
mainly induced by the enhancement of the charge transferred to the dielectric surface 
and thus the higher voltage applied to the dielectrics. Since the total LF voltage is 
constant (ULF = 1000 V), the LF gas voltage is therefore reduced.  

From Figure 4.6(b), the discharge currents contain a main peak and a tail after that. 
The total breakdown voltage is relatively constant under these conditions (~150 V). 
With an increased URF, the plasma ignition moment within the LF cycle is therefore 
brought forward. Moreover, a lower amplitude and a longer discharge duration of the 
LF discharge current can be observed, indicating a slower discharge development and 
thus a more uniform and stable plasma 26,154.  

From Figure 4.6(c), the plasma conductivity σplasma is zero before the breakdown, fast 
increases during the “plasma-developing” period, and gradually declines during the 
“plasma-decay” period. With an increased URF, the amplitude of σplasma is gradually 
enhanced during both “plasma-developing” and “plasma-decay” periods due to the 
higher plasma density.   

D. Equivalent DF electrical circuit 

An equivalent circuit model of a DBD discharge was previously introduced 24,56 which 
can be used to infer discharge properties from measured voltage V(t) and current I(t) 
waveforms, as presented in Figure 4.8(a). The plasma is assumed to be a parallel 
connection of a variable resistor RLF (t) and a gas gap capacitor Cgas, which is then in 
series with the dielectric capacitance Cdiel. During the “plasma-off” phases (AB and DE), 
RLF (t) has an infinite resistance and there is no charge transfer through the gas gap. 

The reactor capacitance is equal to Ccell  = 𝐶𝐶diel · 𝐶𝐶gas
𝐶𝐶diel + 𝐶𝐶gas

 (~38 nF in this study). During the 

“plasma-developing” phase (BC and EF), due to the fast increasing plasma density, the 
resistance of RLF (t) is rather low (Figure 4.6(c)). A large amount of charge is 
transferred through the gas gap within a short time, leading to an overrated 
capacitance of the dielectrics ζdiel (~358 nF). During the “plasma-decay” period (CD 
and FA), the resistance of RLF (t) and thus the plasma conductivity is relatively constant. 
The charge keeps being delivered through the gas gap. The estimated equivalent 
capacitance ζdiel (~155 nF) is approximately equal to Cdiel (150 nF), see Figure 4.5. 
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For the DF discharges, due to the extra RF electric field, the DF equivalent electrical 
circuit should be modified with an extra variable resistor RRF(t) and an equivalent 
capacitor ζRF (t) 155, see Figure 4.8(b). During the “plasma-off ” phase (AB and DE in 
Figure 4.4), the temporally-oscillating RF electric field works as an capacitance which 
stores charge in the gas gap 155. As a result, ζgas (t) = Cgas + ζRF (t) is higher than Cgas, 

thus ζcell (t) = 𝐶𝐶diel · 𝜁𝜁gas(𝑡𝑡) 
𝐶𝐶diel + 𝜁𝜁gas(𝑡𝑡) 

 = 𝐶𝐶diel · (𝐶𝐶gas + 𝜁𝜁RF(𝑡𝑡) )
𝐶𝐶diel + (𝐶𝐶gas + 𝜁𝜁RF(𝑡𝑡) )

 is higher than Ccell  = 𝐶𝐶diel · 𝐶𝐶gas
𝐶𝐶diel + 𝐶𝐶gas

 (~38 nF). 

With a higher URF, the charge trapping capability of the RF electric field is enhanced, 
thus the equivalent capacitance ζRF (t) is higher, leading to the increase of ζgas (t) and 
thus ζcell (t), see Figure 4.4 and Figure 4.5. During the  “plasma-developing” phase (BC 
and EF), due to the RF oscillation, the discharge development is slowed down with a 
lower amplitude and a longer duration 154, see Figure 4.6(b). The process of charge 
transfer through the gas gap therefore is slower. As a result, the estimated equivalent 
capacitance ζdiel decreases with URF, which however is still higher than Cdiel (~150 nF). 
During the “plasma-decay” phase (CD and FA), the plasma conductivity is relatively 
constant (Figure 4.6(c)). The RF electric field works as an extra conductor RRF (t) in 

parallel to RLF (t). The equivalent resistance of plasma Rgas (t) =  𝑅𝑅LF(𝑡𝑡) · 𝑅𝑅RF(𝑡𝑡)   
𝑅𝑅LF(𝑡𝑡) + 𝑅𝑅RF(𝑡𝑡)  

 is lower 

than RLF (t). The equivalent capacitance ζdiel however is not influenced by URF and is 
constant (~Cdiel), see Figure 4.4 and Figure 4.5. 
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Figure 4.7: Variations of the breakdown voltage, the maximal LF current amplitude, the 
input power density and the maximal plasma conductivity as a function of URF. ULF = 1000 V 

under all conditions. 

 



4.3.  Results and Discussions                                                                                                                 121 

 

 

4.3.2 Phase resolved plasma dynamics 

A. LF vs DF 

Figure 4.9 shows the plasma parameters from both simulations and experiments of LF 
and DF discharges within one LF cycle (5 µs). The phase and space resolved electric 
field, power absorbed by electrons, direct ionization rate, excitation rate and 
experimental discharge emission are presented in plots (a) to (j). The solid lines 
indicate the sheath edges between the plasma bulk and the plasma sheath, which are 
determined assuming an equivalent sharp electron step 160. The method to obtain the 
phase resolved discharge emission was previously introduced in Ref 132,133,143.  

A good agreement between the experimental PROES of Ar 750 nm (Figure 4.9(e) and 
(j)) and the simulated excitation rate profiles (Figure 4.9(d) and (i)) is found in both 
LF and DF discharges. The asymmetrical structure of the discharge emissions between 
two opposite polarities of the voltage is attributed to the particular electrode 
configuration (a top curved electrode and a bottom flat electrode) in this study 154,155. 
The ionization rate (Figure 4.9(c) and (h)) is a few times lower than the excitation rate 
(Figure 4.9(d) and (i)) and can only be observed inside the sheath. This is due to the 
higher ionization threshold (15.8 eV) than the excitation threshold (11.5 eV). The high 
energy electrons are mainly generated in the strong electric field (maximum 4 kV/mm) 
inside the sheath (Figure 4.9(a) and (f)), while the dominant electron power 

 

                                       (a)                                                                   (b) 

Figure 4.8: Equivalent electrical circuits of (a) LF discharge and (b) DF discharge. 
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Figure 4.9: Phase and space resolved electric field (first row), power absorbed by electrons 
(second row), direct ionization rate (third row), excitation rate (fourth row) and experimental 
discharge emission (fifth row). Left column: LF discharge with ULF = 1000 V, right column: DF 

discharge with ULF = 1000 V and URF = 250 V. The solid lines indicate the sheath edges. The 
shaded areas in the right column indicate the 3 phases which would be discussed in the following 

section. 
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absorbance in the bulk area is through Ohmic heating 161. In this study, the electron 
power absorbance (Figure 4.9(b) and (g)) has the same pattern as the excitation rate 
(Figure 4.9(d) and (i)).  

The variations of the average excitation and ionization rates as a function of URF are 
presented in Figure 4.10. With URF increasing from 0 V to 250 V, the ionization rate 
slightly increases from 5.351017 cm-3 s-1 to 6.551017 cm-3 s-1, while the excitation 
rate increases more significantly from 3.701018 cm-3 s-1 to 6.441018 cm-3 s-1. To 
investigate the ionization/excitation mechanisms, the time and space averaged, 
density weighted electron energy distribution functions (EEDFs) 162 of the DF 
discharges as a function of URF are obtained †, as shown in Figure 4.11. It can be seen 
that the high energy tail of the EEDFs above 13.5 eV is not obviously influenced, while 
the energy range below 13.5 eV exhibits a significant enhancement with URF. Since the 
ionization threshold of Ar (15.8 eV) is much higher than the excitation threshold (11.5 
eV), the excitation rate therefore experiences a more pronounced enhancement than 
the ionization rate with URF increasing, as presented in Figure 4.10. 

To further investigate the plasma dynamics, the sheath edge profiles near the cathode 
during half a LF cycle (2.5 µs) of the LF and DF discharges are presented in Figure 4.12. 
For the single LF discharge (ULF = 0 V), before the gas breakdown the sheath edge is 
close to the bottom electrode (~30 µm), where the ion density is relatively low. With 
the gas voltage increasing, the sheath is getting thicker together with a higher electric 
field within the sheath. The maximal LF sheath thickness under these conditions is 
~420 µm. The electrons are generated through secondary electron emission (γ 
process) from the cathode by ion bombardment and accelerated by the electric field 
within the sheath. As the gas voltage further increases, the gas breakdown occurs, 
leading to a fast increase of ion density inside the sheath. The ionization rate under 
these conditions is high enough to create a density of ions able to localize the electric 
field. The formation of the cathode fall enhances the ionization close to the cathode 84 
and reduces the sheath thickness. When the ionization rate is maximum, the sheath 
thickness is minimum (~60 µm). During the discharge decay, the ionization rate and 
thus the ion density decreases inside the sheath. The sheath therefore is gradually 
getting thicker, as shown in Figure 4.12(a).  

                                                 
† From BOLSIG+, EEDFs 𝑓𝑓𝐸𝐸 𝑁𝑁⁄ (𝜀𝜀) are calculated at various static reduced electric fields E/N. Here ε 
is the electron energy itself. To each EEDF a mean electron energy 𝜀𝜀  ̅is assigned. The drift-diffusion 
model yields 𝜀𝜀(̅𝐱𝐱, 𝑑𝑑) such that an EEDF 𝑓𝑓(𝐱𝐱, 𝑑𝑑, 𝜀𝜀) can be assigned. The reported averaged EEDFs 𝑓𝑓(̅𝜀𝜀) 
are: 𝑓𝑓̅(𝜀𝜀) = 〈𝑛𝑛𝑑𝑑(𝐱𝐱, 𝑑𝑑)𝑓𝑓(𝐱𝐱, 𝑑𝑑, 𝜀𝜀)〉𝐱𝐱,𝑡𝑡. 
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Figure 4.10: Spatially integrated excitation/ionization rate within one LF cycle (5 µs) as a 
function of URF. 
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Figure 4.11: Electron energy distribution function (EEDF) of the DF discharges as a function 
of URF. 
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For the DF discharge, due to the RF oscillation, the sheath edge is periodically 
modulated, see Figure 4.12(a). Before the breakdown, the LF-induced sheath is thicker 
(Figure 4.12(b)), the averaged electron energy within the sheath therefore is enhanced, 
causing a higher possible ionization rate. Since the local ion density is relatively low, 
and the plasma sheath oscillation is rather violent for a given RF voltage change 121 
(Figure 4.12(c)). The maximal LF sheath thickness is ~185 µm — much less than the 
LF discharge (~420 µm). After the breakdown, the ions generated inside the sheath 
induce a cathode fall near the electrode and lead to a reduced LF sheath thickness. The 
minimum LF sheath thickness (~60 µm) is the same as the LF discharge, while the RF 
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Figure 4.12: (a) Original, (b) LF-induced and (c) RF oscillations of the sheath edge profiles 
near the instantaneous cathode during half LF cycle of LF (ULF = 1000 V, URF = 0 V) and DF 

(ULF = 1000 V, URF = 250 V) discharges. 
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sheath oscillation amplitude is minimum due to the maximal local ion density at this 
moment. During the decay, the LF sheath thickness is gradually getting thicker but still 
lower than the LF discharge, which is supposed to be related to the higher ionization 
rate and thus the higher ion density inside the sheath.  

It is known that the chemistry and thus the concentrations of reactive species in the 
sheath, is the key point in plasma-assisted thin film processing 123. Using the DF 
excitation, a thinner sheath together with a more pronounced ionization rate and a 
longer contacting period can be obtained, which could help to further improve the 
efficiency of plasma-assisted surface processing. 

B. Different phases of DF plasma 

The detailed phase and space resolved plasma parameters at different phases in the 
initial stage of the DF discharge in Figure 4.9 are presented in Figure 4.13. Depending 
on the phase of the LF cycle, the RF oscillation results in a different discharge 
behaviour.  

In phase (1) from 0.13 µs to 0.28 µs, the electric field is comparable on the two 
electrodes (Figure 4.13(a)). The maximal electric field is ~1850 V/mm inside the top 
sheath and ~1780 V/mm inside the bottom sheath. The ionization only occurs within 
the sheath regions (Figure 4.13(c)). Three structures including sheath expansion, 
sheath collapse and excitation within the sheath 142,143 can be observed near both the 
electrodes, as presented in the excitation rate profiles in Figure 4.13(d) and the 
discharge emission in Figure 4.13(e).  

In phase (2) from 0.40 µs to 0.55 µs, due to the increase of the LF voltage, the sheath 
thickness as well as the electric field on the bottom electrode are higher than the top 
electrode (Figure 4.13(f)). The maximal electric field is ~1550 V/mm inside the top 
sheath and ~2300 V/mm inside the bottom sheath. The ionization however can only 
be observed within the bottom sheath (Figure 4.13(h)). The excitation rate and the 
discharge emission exhibit asymmetrical structure with a more pronounced discharge 
near the bottom electrode, see Figure 4.13(i) and (j). 

In phase (3) from 0.70 µs to 0.85 µs, due to the particularly high ion density close to 
the cathode, the sheath thickness is minimum, while the electric field is maximum close 
to the bottom electrode (Figure 4.13(k)). The maximal electric field is ~1490 V/mm 
inside the top sheath and ~4300 V/mm inside the bottom sheath. As a result, the 
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Figure 4.13: Phase and space resolved electric field (first row), power absorbed by electrons 
(second row), direct ionization rate (third row), excitation rate (fourth row) and experimental 

discharge emission (fifth row) of the DF discharge with ULF = 1000 V and URF = 250 V. Left 
column: phase (1) from 0.13 µs to 0.28 µs, middle column: phase (2) from 0.40 µs to 0.55 µs, and 

right column: phase (3) from 0.70 µs to 0.85 µs. The solid lines indicate the sheath edges. The 
numbers of the phases correspond to those in Figure 4.9. 
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ionization intensity within the bottom sheath is maximum. The excitation rate and the   
discharge emission are pronounced in both the bottom sheath and the bulk region, as 
presented in Figure 4.13(n) and (o). 

It has been demonstrated that at different phases of the LF cycle, the DF discharge 
experiences temporally-modulated dynamics with different ionization/excitation 
mechanisms depending on sheath edge, electric field and charge density. Within the 
sheath region, the ionization/excitation mechanisms are mainly dominated by the 
electric field and thus the electron energy in the sheath. The sheath expansion 
structure of the excitation, however, is due to the electron acceleration by the sheath 
oscillation towards the opposite electrode. Therefore it is mainly influenced by the 
sheath oscillation velocity 163 which depends on the spatial movement of the sheath 
edge and thus on the local ion density 131. When the sheath collapses, the collision rate 
at atmospheric-pressure is so high that the generated electrons cannot instantaneously 
follow the retreating sheath merely by diffusion. Instead, a self-consistent electric field 
builds up to drive the electrons, creating a region of negative space charge. The 
resulting electric field accelerates the electrons toward the electrode and heats the 
electrons in the process 147.
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Figure 4.14: Spatially integrated excitation/ionization rate within 150 ns at different phases 
of the DF discharge. The number of the phases correspond to those in Figure 4.13.  
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Furthermore, the time-averaged excitation/ionization rate and the EEDF profiles 
within the three phases in the DF discharges are shown in Figure 4.14 and Figure 4.15, 
respectively. Both the excitation and ionization rates are significantly enhanced from 
phase (1) to (3), and the excitation rate is approximately 10 times higher than the 
ionization rate. This can be explained by the different EEDF profiles of the three phases 
especially in the high energy tail around 11.5 eV and 15.8 eV, see Figure 4.15. Therefore 
the DF excitation exhibits the capability of modulating electron heating in both sheath 
and bulk regions and thus the phase dependent EEDF 155. This provides a further 
control of the plasma chemical kinetics, which can be applied to the relevant fields e.g. 
gas phase chemical conversion 87,88,148–150. 

4.4. Conclusions 

A time-dependent, one-dimensional (1D) drift-diffusion model with the plasma 
platform PLASIMO was employed to study the atmospheric-pressure DF dielectric 
barrier discharges in argon. The simulation results exhibit an excellent agreement with 
the experimental results e.g. the electrical characteristics and the phase-resolved 

 

Figure 4.15: Electron energy distribution function (EEDF) at different phases of the DF 
discharge. The number of the phases correspond to those in Figure 4.13. 
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discharge emission. In addition, the simulation gives an insight into the DF plasma 
dynamics e.g. the electric field, the electron density distribution, the 
ionization/excitation mechanisms, the sheath edge profiles and the time dependent 
and averaged EEDF profiles. It is shown that the plasma conductivity is increased with 
the RF voltage caused by the enhancement of the plasma density. Due to the RF 
oscillation, the electric field and the sheath edge are temporally modulated, leading to 
a time-varying ionization/excitation rate. As a result, the discharge development is 
slowed down with a lower current amplitude and a longer duration, which can help to 
improve the uniformity and stability of discharge. Furthermore, with the RF voltage 
increasing, the averaged sheath is getting thinner with a more pronounced ionization 
rate and thus a higher production rate of the reactive species near the substrate, which 
could help to improve the efficiency of plasma-assisted surface processing. Last but not 
least, the DF excitation exhibits a capability of modifying the time-dependent and time-
averaged EEDF, which provides a further approach to control the plasma chemical 
kinetics and can be applied to the other relevant fields e.g. gas phase chemical 
conversion.  
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Chapter 5. 

 
Atmospheric-Pressure Silica-Like Thin Film 
Deposition Using 200 kHz/13.56 MHz Dual 
Frequency Excitation ∗ 

 

Atmospheric pressure plasma enhanced chemical vapour deposition (AP-PECVD) was used to 
synthesize silica-like thin films on a flexible polyethylene 2,6 naphthalate substrate in a roll-
to-roll reactor. A dual frequency (DF) excitation consisting of 200 kHz and 13.56 MHz 
frequencies was employed as the plasma source with the aim to improve the efficiency of 
PECVD process. The results have shown that the DF excitation helps to improve plasma 
uniformity with less filaments, which could help to reduce the macro-defects and therefore to 
improve the permeation performance of the deposited barrier layers. Besides this, due to the 
increased electron density and gas temperature, the DF excitation demonstrates a more 
efficient breaking of methyl (Si-CH3) bonds and more oxidized and crosslinked film structures.

                                                 
∗ Published as: Y. Liu, F. M. Elam, E. Zoethout, S. A. Starostin, M. C. M. van de Sanden and H. W. de 
Vries, Plasma Processes and Polymers, submitted. 
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5.1.  Introduction 

Encapsulation foils are essential to the flexible electronics industry e.g. electronic 
paper, flexible solar cells, quantum dot liquid crystal displays (QDLCDs), organic light-
emitting diodes (OLEDs) and so on 4,164–167. These encapsulation foils are designed 
primarily to protect electronic devices against degradation from oxygen and water 
4,116,164–167, thus prolonging device lifetimes and improving operational stability. The 
foils should have excellent functional properties e.g. a low permeability of water and 
oxygen. Besides, they should also fulfil a specific set of requirements in terms of optical, 
smoothness, thermal, chemical, mechanical, electrical and magnetic properties 1. In 
addition, commercialization of the flexible encapsulation foils further requires easier 
and continuous processing, a larger scale production, a higher throughput and a lower 
cost. Atmospheric pressure plasma enhanced chemical vapour deposition (AP-PECVD) 
is a novel technology to potentially achieve the industrial targets for commercial 
manufacturing of the flexible encapsulation foils. It could enable a precise control of 
the properties of the barrier layer e.g. thickness, density, porosity and morphology that 
determine the final encapsulating performance of the foils 21. Meanwhile, due to its 
capability of in-line processing in an open reactor under atmospheric pressure, 
expensive large-footprint vacuum equipment can be avoided, and thus a considerable 
cost efficiency can be achieved in comparison to the common low-pressure plasma 
methods 17.  

Previously, a scalable roll-to-roll AP-PECVD system operating at 200 kHz frequency 
was developed to produce ultra-smooth 100 nm silica-like thin films on a polyethylene 
2,6 naphthalate (PEN) substrate in atmospheric pressure air 36. It was found that a 
higher power density allows the synthesis of silica-like films with an improved 
microstructure and a lower impurity level resulting in excellent gas diffusion barrier 
properties 29,65. Furthermore, an increased plasma power density is also required to 
enhance the deposition rate and thus the throughput of the thin films. However, when 
the input plasma power increases, one of the biggest challenges is to prevent the 
transition from a homogeneous discharge into a filamentary discharge 17,69 or even an 
arc. The plasma filamentation is likely to result in the formation of macro-defects such 
as pinholes in the deposited thin films that limit the barrier permeation performance 
68. A novel technology to increase the plasma power while maintaining a homogeneous 
mode therefore is highly required to further improve the barrier properties e.g. 
uniformity and the throughput of AP-PECVD.  

Recently, we reported on atmospheric-pressure diffuse dielectric barrier discharges 
(DBDs) using dual frequency (DF) excitation at 200 kHz low frequency (LF) and 13.56 
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MHz radio frequency (RF) 154,155. The DF excitation results in a time-varying electric 
field which is determined by the total LF and RF gas voltage and the spatial ion 
distribution which only responds to the LF component. By tuning the amplitude ratio 
of the superimposed LF and RF signals, the DF discharge reveals capability of 
temporally modulating the electric field and therefore the excitation/ionization 
mechanism, which can be a potential approach to modify the properties e.g. the 
chemical micro-structure of the deposited thin films 155. Moreover, due to the periodic 
oscillation of the RF electric field, the electron acceleration and thus the gas ionization 
is temporally modulated during each RF cycle. The RF electric field facilitates improved 
stability and uniformity of AP-DBDs simultaneously allowing a higher input power. 
This makes the DF excitation a potential approach to achieve a higher efficiency of the 
AP-PECVD process 154.  

The aim of the present work is to understand both the plasma behaviour of AP-PECVD 
and the resulting thin film properties using 200 kHz/13.56 MHz dual-frequency 
excitation. This chapter is structured as follows: The experimental set-up for AP-
PECVD and the analysing methods of the silica-like thin films are introduced in Section 
5.2. The results including the electrical characteristics, the plasma emissions and the 
deposited silica-like barrier characteristics i.e. microstructure and surface morphology 
are presented in Section 5.3. Finally, the conclusions are drawn in Section 5.4. 

5.2.  Experimental setup 

A schematic of the roll-to-roll AP-PECVD reactor is presented in Figure 5.1. The 
discharge was ignited between a flat bottom electrode and a curved top electrode with 
a radius of 60 mm and a width of 45 mm. Both electrodes were covered by 0.1 mm 
thick polyethylene 2,6 naphthalate (PEN) foil (Teonex Q65HA, Teijin DuPont Films) as 
the dielectrics. The electrode temperature was maintained at 30 ℃ by means of an oil 
circulation system. The smallest distance between the two electrodes was 1.0 mm. The 
gas mixture was injected from the left side of the discharge area in Figure 5.1, while the 
substrates were transported at 40 mm/min in the same direction as the gas flow. The 
flow rate of the gas mixture (Ar/O2/N2) was controlled at 5 slm/0.2 slm/1 slm 
(standard litre per minute). The precursor gas, hexamethyldisiloxane (C6H18OSi2, 
HMDSO), was injected via a controlled gas bubbler with 0.3 slm argon (technical 
grade). The DBD was excited by 200 kHz LF (SEREN L3001) and 13.56 MHz RF (SEREN 
R601) power sources which were superimposed and applied to the top electrode 
through a home-made matching circuit. The injected power of both the power sources 
was modulated at 625 Hz with a pulse width of 800 µs and a duty cycle of 50%. In this 
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study, in order to investigate the influence of power composition on the plasma 
behaviour and thus the thin film deposition, both LF and DF discharges with an 
increasing power were obtained. The input power density was about 15-30 W/cm2. 
The deposition time was about 23 s. 

The discharge voltage and current were measured by a high voltage probe (Tektronix 
P6015A) with 75 MHz bandwidth and a current transformer (Pearson model 4100), 
respectively. An intensified charge-coupled device (ICCD) camera (PI MAX3), triggered 
by the applied voltage, was employed to collect the discharge emission from the side 
view of the gas gap with a macro lens (Tamron AF 90 mm). The surface morphology of 
the deposited silica-like thin films was characterized by dual-beam focused ion beam 
scanning electron microscopy (FIB-SEM) (Nova 600i Nanolab, FEI Company). The 
elemental composition was obtained from the specimen surfaces by X-ray 
photoelectron spectroscopy (XPS) (K-Alpha, Thermo Fisher Scientific). Attenuated 
total reflectance-Fourier transform infrared (ATR-FTIR) absorption spectroscopy was 
performed using un-polarized light (Frontier FT-IR/FIR Spectrometer, Perki- nElmer; 
Frontier UATR Ge/Ge, PerkinElmer) with one internal reflection to investigate the 
silica-like network structure of the barrier layers, with particular focus upon the Si-O-
Si, Si-CH3, and Si-OH spectral peaks. 

 

Figure 5.1: Experimental set-up for atmospheric pressure plasma enhanced chemical vapour 
deposition (AP-PECVD) using 200 kHz/13.56 MHz dual-frequency (DF) excitation. 
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5.3.  Results and discussions 

5.3.1  Electrical characteristics 

Representative voltage-current waveforms of a single LF discharge (PLF = 200 W) and 
a DF discharge (PLF = 100 W, PRF = 100 W) are shown in Figure 5.2(a) and (b), 
respectively. For the LF discharge, the current exhibits typical electrical behaviour of a 
multi-pulse discharge 168 comprising three separate current peaks during each half 
cycle, see Figure 5.2(a). Note that the current contains both discharge and 
displacement components. For the DF discharge, both the voltage and the current 
contain 200 kHz LF and 13.56 MHz RF frequencies. The LF component of the current 
also includes multi peaks, however the amplitude is much lower, see Figure 5.2(b).  

By doing fast Fourier transform (FFT) of the original waveforms, the LF and RF 
components are separated. The FFT amplitudes of the voltage and current as a function 
of the input power are presented in Figure 5.3. For the single LF discharge, with the 
input LF power increasing from 100 W to 200 W, the LF voltage increases from 2.16 
kV to 2.57 kV, and the LF current increases from 0.07 A to 0.12 A, see Figure 5.3(a). For 
the DF discharge, the LF power is maintained at 100 W, and the RF power is increased 
from 0 W to 100 W. As a result, the RF voltage gradually increases from 0 kV to 0.62 
kV. The LF voltage however slightly reduces from 2.16 kV to 1.99 kV, which is 
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(a)                                                                                       (b) 

Figure 5.2: Current-voltage waveforms of (a) single LF discharge (PLF = 200 W, PRF = 0 W) 
and (b) DF discharge (PLF = 100 W, PRF = 100 W). 
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attributed to the not well performed matching network in this study. Moreover, the LF 
current gradually increases from 0.07 A to 0.08 A, and the RF current is significantly 
enhanced from 0 A to 0.26 A mainly due to the displacement component, see Figure 
5.3(b).  

5.3.2  Discharge emission 

For AP-PECVD process, the properties (e.g. chemistry, morphology) of deposited thin 
films are closely related to the regimes and the parameters of discharges 17. The study 
of plasma behaviour therefore is essential to obtain a better control over the thin film 
growth. In this section, the side-view emission of the single LF and DF discharges with 
an integration time of 1.6 ms was obtained, see Figure 5.4. The corresponding 
normalized intensity profiles integrated in vertical and horizontal directions are 
shown in Figure 5.5 and Figure 5.6, respectively.  

Form Figure 5.4, the discharges under all conditions exhibit a similar “glow-like” 
structure with two bright luminous layers closed to the surface of dielectric barriers, 
while the bulk region is less bright. The discharge intensity is gradually enhanced with 
an increased input power, the discharge area and the uniformity however are largely 
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Figure 5.3: Fast Fourier transform (FFT) amplitudes of voltage and current with the total 
input power increasing from 100 W to 200 W: (a) single LF discharge and (b) DF discharge in 

which LF power is maintained at 100 W. 
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affected by the power composition. For the single LF discharge, with the input power 
increasing from 100 W to 200 W, the discharge area gradually expands from ~12 mm 
to ~16 mm, as shown in Figure 5.4(a)-(e) and Figure 5.5(a)-(e). Under similar 
conditions with two curved electrodes, it was previously observed that the discharge 
preferentially ignites in the centre of the electrodes where the electric field is highest 
and then splits into two ionization waves propagating in the opposite directions 64. 
After the positive streamer front arrives at the cathode region, a surface charge is 
quickly deposited on the dielectric surface resulting in a reduction of electric field and 
thus the extinction of ionization. The transverse electric field however is still high at 
the radical periphery of the initial current spot, thus providing a development of the 
transverse ionization wave 64. In this study, with a top curved electrode and a bottom 
flat electrode, the discharge experiences a similar behaviour as it first ignites in the 
centre and then laterally propagates (results not shown here). As the input LF voltage 
increases, the transverse electric field and thus the lateral ionization wave propagation 
is enhanced, resulting in an expansion of the discharge area as a function of the input 
LF power. Additionally, filaments are observed under all conditions especially near the 

 

          (a)                                                                                     (b) 

Figure 5.4: Side-view integrated discharge emission with an exposure time of 1.6 ms. Left: 
single LF discharges with power of (a) 100 W, (b) 125 W, (c) 150 W, (d) 175 W and (e) 200 W; 
Right: DF discharges with LF power of 100 W and RF power of (f) 0 W, (g) 25 W, (h) 50 W, (i) 

75 W and (j) 100 W. The gas is injected from left to right of the discharge area. 
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boundaries where the gas gap is larger and the plasma density is lower, see Figure 
5.4(a)-(e) and Figure 5.5(a)-(e). 

For the DF discharges, with the RF power increasing from 0 W to 100 W, the discharge 
area expands slightly from ~12 mm to ~13 mm, as shown in Figure 5.4(f)-(j) and 
Figure 5.5(f)-(j). In this case, the transverse electric field is mainly controlled by the LF 
power which is constant (100 W). The extra RF voltage mainly contributes to the 
oscillation of the electric field and thus the electron acceleration in the vertical 
direction. As a result, the discharge expansion in the lateral direction is limited. Instead, 
the discharge emission intensity in the bulk region is obviously enhanced compared to 
the single LF discharges, see Figure 5.6. In addition, as previously discussed in Ref 154, 
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(a)                                                                                      (b) 

Figure 5.5: Intensity profiles of the discharge emission integrated in vertical direction. Left: 
single LF discharges with power of (a) 100 W, (b) 125 W, (c) 150 W, (d) 175 W and (e) 200 W; 
Right: DF discharges with LF power of 100 W and RF power of (f) 0 W, (g) 25 W, (h) 50 W, (i) 

75 W and (j) 100 W. 
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due to the periodic oscillation of the RF electric field, the discharge development is 
slowed down with a lower amplitude and a longer duration of the LF discharge current. 
The discharge uniformity therefore is significantly improved as the filament is almost 
invisible even in the boundary areas, see Figure 5.4(f)-(j) and Figure 5.5(f)-(j).  

As previously introduced, to enhance the deposition rate and thus the throughput of 
the thin films, a higher plasma power density is required. However, increasing the 
discharge power can result in the formation of micro-discharges 84. The micro-
discharges are strongly non-uniform and can locally heat and damage the forming film 
17, leading to the formation of macro-defects such as pinholes in the deposited thin 
films that limit the barrier permeation performance 68. By applying an extra RF voltage 
to the LF voltage, a higher power can be input into the discharge resulting in an 
increased plasma density. Moreover, the discharge uniformity is improved with less 
filaments, making the DF excitation possibly an effective approach to further enhance 
the deposition rate as well as the barrier permeation performance with less defects.  

5.3.3  Properties of the deposited thin films 

Utilizing the LF and DF excitations as the plasma source, silica-like thin films with a 
thickness of ~400 nm were deposited on the polymeric susbtrates. The atomic 
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Figure 5.6: Intensity profiles of the discharge emission integrated in horizontal direction of 
(a) single LF discharges and (b) DF discharges. 
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composition of the deposited thin films was determined using X-ray photoelectron 
spectroscopy (XPS) and ATR-FTIR absorption spectroscopy, respectively. The surface 
morphology was determind by scanning electron microscopy (SEM). Figure 5.7 shows 
the composition profiles of the deposited silica-like thin films from XPS analysis as a 
function of the input power. The concentrations of O, Si and C are not evidently 
influenced by the input power. Under these conditions, the percentages of oxygen and 
silicon present in the silica layer are ~62.7% and ~29.6%, respetively. Thus the Si/O 
ratio is about 2.12. Moreover, ~7.6% of carbon is observed in all the samples. 

Figure 5.8 presents the normalized un-polarized ATR-FTIR absorption spectra of the 
silica-like barrier layers deposited by AP-PECVD with LF and DF excitations. The main 
absorption band from ~1200 to ~1000 cm-1 can be assigned to the asymmetrical 
stretching of the Si-O-Si group overlapped with C-O-C and Si-O-C asymmetric 
stretching as well as Si-CH2-Si 169–176. The peak at ~1270 cm-1  (corresponding to Si-
(CH3)n groups with n = 1, 2, 3) is due to the symmetric bending mode of methyl groups 
in Si-CH3 169,177, indicating the existence of carbon in the deposited barriers. The carbon 
content can be further traced by the presence of the absorption features related to Si-
C and Si-(CH3)x: the peaks at 905 cm-1 and 800 cm-1 are assigned to Si-C stretching and 
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Figure 5.7: Composition profiles of the deposited silica-like thin films as a function of input 
power. The solid symbols represent the atomic concentration with single LF discharges. The 

open symbols represent those with DF discharges in which the LF input power is 100 W. 
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CH3 rocking in Si-(CH3)2, whereas those observed at 840 cm-1 and 764 cm-1 are 
attributed to Si-C stretching and CH3 rocking in Si-(CH3)3 169,176,178–180. It needs to be 
noted that the absorption band at 800 cm-1 also contains a contribution due to Si-O-Si 
bending 18,36,169. Besides, the intense signal at 905 cm-1 can be partly related to silanol 
(Si-OH) group 18. 

With the power increasing from 100 W to 200 W, the CH3-related peaks (~1270, ~840, 
~800 and ~764 cm-1) gradually decrease, see Figure 5.8(a) and (b). The peak at 905 
cm-1 slightly shifts towards higher wavenumbers, suggesting an enhancement of Si-OH 
in the films as the Si-(CH3)x groups are removed. In addition, the main peak of the Si-
O-Si group shifts from ~1035 cm-1 to a higher wavenumber, and the full width at half-
maximum (FWHM) gradually increases.  The shifting of the Si-O-Si asymmetric 
stretching band to the higher wavenumber with an increased input power indicates a 
larger size of chains in the cross-linked network 176 and a higher thin film density 181,182. 
Some researchers also claimed that the Si–O-Si shift is attributed to variation of bond 
angle 169,172, and the broadening of the band is a manifestation of a statistical 
distribution of different bonding arrangements at each silicon atom site 172. However, 
since Si-O-C and C-O-C groups are located in this range (1200-1000 cm-1) 172,174, it needs 
to be noted that the shifting and broadening can also be attributed to the enhancement 
of oxidized carbon incorporation in the layer 16. It is known that the deposited thin film 
properties are closely related to the plasma parameters e.g. gas temperature, electron 
density and so on 17. An increased input power leads to a higher gas temperature, 
resulting in a decrease in the content of carbon and hydrogen and an increase in the 
oxygen-to-silicon ratio in the films 91. In addition, an higher power also leads to a higher 
electron density, which causes a more efficient HMDSO depletion by electron impact 
and (multiple) breaking of the comparably weak Si-CH3 bonds 92. As a result, with the 
input power increasing, a more efficient oxidation process of the methyl (CH3) groups 
is observed as evidenced by a reduction of hydrocarbon groups and an increase of 
silicon and carbon oxides groups.

From Figure 5.8(c), with the same amount of input power (200 W) but different power 
composition (LF and DF), the absorption peaks at ~1270, ~905, and ~764 cm-1 are 
relatively constant, the absorption peaks at ~840 and ~800 cm-1 are slightly changed. 
The main peak of Si-O-Si however exhibits a more pronounced shifting to ~1075 cm-1 
with the DF excitation than the LF excitation (to ~1050 cm-1). For the DF excitation, 
the high frequency voltage allows to trap the electrons in the plasma bulk with less 
electron loss at the surface, which helps to maintain a high plasma density 93. On the 
other hand, electron trapping results in more power coupled into elastic collisions and 
therefore a higher gas temperature and a lower electron energy 94. As a result, with the 
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same amount of input power, the DF excitation reveals a more efficient breaking of Si-
CH3 bonds and thus a more oxidized thin film. 

The surfaces of the deposited samples were coated with a thin conducting layer of Ti 
to prevent the charge building up before the SEM measurement. Figure 5.9 presents 
the typical top-view micrographs of the samples using LF and DF excitations. It was 
revealed that the surface is not smooth under all experimental conditions, and the 
surface morphology largely depends on the input power. With relatively low input 
power (125 W), small dusty-like particles with a diameter of ~20 to ~50 nm appear on 
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Figure 5.8: Normalized un-polarized ATR-FTIR absorption spectra of the deposited silica-like 
thin films in the range of 1300-700 cm-1: (a) single LF discharges, PLF = 100-200 W, (b) DF 

discharges, PLF = 100 W, PRF = 0-100 W and (c) LF (PLF = 200 W, PRF = 0 W) vs DF (PLF = 100 W, 
PRF = 100 W). 
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the surface, see Figure 5.9(a) and (c). With a higher LF power (PLF = 200 W, PRF = 0 W), 
the surface exhibits a fractal texture with more closely linked features, see Figure 
5.9(b). With a DF power (PLF = 100 W, PRF = 100 W), however, the surface features are 
in a “sponge-like” shape, see Figure 5.9(d). This phenomenon is believed to be related 
to the different plasma parameters e.g. gas temperature and electron density and thus 
the different thin film growth mechanisms due to the power composition. The DF 
excitation leads to a more efficient HMDSO depletion, as evidenced by the more 
crosslinked surface features and the ATR-FTIR results.

5.4.  Conclusions 

In this chapter, a dual frequency (DF) excitation consisting of 200 kHz and 13.56 MHz 
frequencies was employed as the plasma source for the atmospheric pressure plasma 

 

Figure 5.9: Scanning electron microscopy (SEM) images illustrating the surface morphology 
of the deposited silica-like thin films: (a) PLF = 125 W, PRF = 0 W, (b) PLF = 200 W, PRF = 0 W, (c) 

PLF = 100 W, PRF = 25 W and (d) PLF = 100 W, PRF = 100 W. 
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enhanced chemical vapour deposition. With Ar/O2/N2 mixture as the working gas and 
HMDSO as the precursor, silica-like thin films were synthesized on the flexible 
polyethylene 2,6 naphthalate substrates in a roll-to-roll reactor. The plasma behaviour 
including the electrical characteristics and the discharge emission was studied. The 
resulting silica-like thin film properties e.g. chemical microstructure and surface 
morphology were characterized using ATR-FTIR and SEM. It was found that the 
increase of LF power results in an expansion of the discharge area and the generation 
of filaments near the boundaries. By using a DF excitation, the expansion of the 
discharge area is limited, instead the plasma density increases more in the bulk region. 
Furthermore, the DF excitation presents a capability of improving plasma uniformity 
with less filaments, which could help to reduce the macro-defects and improve the 
permeation performance of the deposited barrier layers. According to the ATR-FTIR 
analysis, increasing input power leads to an improved microstructure of the silica 
barrier layers with less hydrocarbon units and more oxidized film structures. This is 
further evidenced by the SEM surface morphology showing more crosslinked network 
structures. Due to the increased electron density and gas temperature, the DF 
excitation demonstrates a more efficient breaking of Si-CH3 bonds. The film 
composition can be tuned by the variation of input power composition, allowing 
production of methyl-rich SiO2-like layers or more oxidized and crosslinked films. 
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Summary 

 
Understanding atmospheric plasma for functional thin film 
deposition on polymeric substrate 

Atmospheric pressure plasma enhanced chemical vapour deposition (AP-PECVD) with 
roll-to-roll dielectric barrier discharge (DBD) as the plasma source is a novel 
technology to produce cost-effective, high quality encapsulation foils for the flexible 
electronics industry. To bring this technology to a first application in the commercial 
manufacturing phase, the quality of the deposited functional thin films needs to be 
further improved, and the deposition throughput should be further enhanced. In order 
to achieve the industrial targets, greater insight into the fundamental principles of AP-
DBD and PECVD processes is highly required. In this thesis, based on the previous 
research in the group, detailed studies on the atmospheric-pressure plasma-polymer 
interactions, plasma generation mechanism and resulting thin film properties were 
carried out using experimental, numerical simulation and state-of-the-art material 
characterization methods. 

In particular, an atmospheric-pressure glow-like DBD was obtained in a roll-to-roll 
plasma reactor with polymeric dielectrics using various gas mixtures. Quantitative 
measurement of the stable molecules from the exhaust of the DBD was carried out 
using an ex-situ gas-phase Fourier transform infrared (FTIR) spectrometer to unravel 
the molecule production mechanisms and the gas phase chemical processes. By 
varying the gas composition and the substrate, strong interactions between the 
oxygen-containing plasma and the polymer were observed as evidenced by a high COx 
(x = 1, 2) production and a significant etching rate determined by interferometric 
microscopy.  

In order to improve the plasma-assisted surface processing efficiency, an atmospheric-
pressure dual-frequency (DF) excitation was developed as the plasma source for AP-
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PECVD by applying a 13.56 MHz radio frequency (RF) voltage to the 200 kHz low 
frequency (LF) voltage. The electron dynamics and the plasma generation mechanisms 
were investigated by means of electrical characterization and phase resolved optical 
emission spectroscopy (PROES). Either single LF discharge or single RF discharge 
exhibits limited modification of the excitation mechanism. The DF excitation however 
reveals the capability of temporally modifying the electric field, the electron heating 
and thus the excitation/ionization mechanisms.  

Particularly, the DF excitation was suggested as an effective approach to improve the 
uniformity and stability of AP-DBDs. Due to the periodic oscillation of the RF electric 
field, the electron acceleration and thus the gas ionization is temporally modulated, i.e. 
enhanced and weakened during each RF cycle. As a result, the discharge development 
is slowed down with a lower amplitude and a longer duration of the LF discharge 
current. Hence, the DF excitation facilitates improved stability and uniformity 
simultaneously allowing a higher input power.  

To gain a better understanding of the physical and chemical processes in the DF 
plasmas, a one-dimensional drift-diffusion model was employed to study the electrical 
characteristics and the plasma parameters. The simulated results exhibit an excellent 
agreement with the experimental results and gives insight into the DF plasma 
dynamics e.g. the electric field, the sheath edge profiles, the ionization/excitation rate 
and the electron energy distribution function (EEDF) profiles. The plasma conductivity 
is increased with the RF voltage caused by the enhancement of the plasma density. 
Additionally, the DF excitation exhibits a capability of modifying the time-dependent 
EEDF, which provides a further approach to control the plasma chemical kinetics and 
therefore can be applied to the other relevant fields e.g. gas phase chemical conversion.  

Utilizing the DF excitation as the plasma source and HMDSO as the precursor, silica-
like thin films were deposited on the PEN substrate. Due to the improvement of the 
plasma uniformity using the DF excitation, the macro-defects density can probably be 
reduced, thus the permeation performance of the deposited barrier layers can be 
improved. In addition, the DF excitation causes an enhancement of the electron density 
as well as the gas temperature, thus the microstructure of the deposited thin films is 
improved with a more efficient breaking of Si-CH3 bonds in the organic precursor 
molecules and a more crosslinked structure.  

For the future development of AP-PECVD processing, it should be noted that the effects 
of the plasma-polymer interactions can be significant during the AP-PECVD process, 
which should therefore be taken into account to enable deposition of high quality 
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functional thin films. Besides this, the plasma-polymer interactions change the surface 
properties, which provides further possibilities to control the discharge behaviour e.g. 
breakdown voltage, discharge area and so on. The DF excitation can be an effective 
approach to enhance the efficiency of plasma-assisted surface processing, thus to 
further improve permeation performance and throughput of the functional barriers, 
and eventually to achieve the commercialization of the flexible encapsulation foils. 
Furthermore, due to the possibility of tuning the EEDF, the DF excitation also exhibits 
potential applications in other fields e.g. plasma-assisted gas phase chemical 
conversion and plasma catalysis.  
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