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ABSTRACT. This work reports a phenomenological comparative study of atmospheric 

pressure barrier plasmas using ferroelectric (FBD, ferroelectric barrier discharge) and 

dielectric (DBD, dielectric barrier discharge) plates to moderate the discharge. 

Experiments with helium carried out in a parallel plate reactor as a function of applied 

voltage showed an enhancement of one order of magnitude in the charge transferred 

through the circuit for FBD operation at large inter-electrode distances. In a similar way 

to DBDs, FBDs rendered a laterally localized arrangement of discrete columnar 

discharges with a pattern and intensity distribution that depended on operation 

conditions. Unlike the regular columnar pattern found for DBD operation, discharge 

columns appear randomly and inhomogenously distributed on the ferroelectric surface 

for the FBD mode. This particular behavior, the intensity dependence on applied 

voltage and the peak shape characteristics of the intensity curves have been accounted 

for by the high capacity of ferroelectric surfaces to randomly accumulate charge and to 

promote the emission of secondary electrons in the presence of a plasma. 

1.- Introduction 

Dielectric barrier discharges (DBD), discovered in the mid of the ninety century by 

Siemens,1 have been employed as ozone generators,2 for the removal of volatile 

organic compounds in air3,4 and, more recently, for the synthesis of chemical 

compounds (e.g., ammonia,5–7 hydrocarbons8 and hydrogen9,10), thin film deposition,11 

surface treatments12 or as plasma actuators for the aerospace industry.13 These 

applications require localized, stable and homogeneous discharge conditions which are 

not always achieved with atmospheric pressure DBD plasmas.14 In fact, although 
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homogeneous and uniform DBD discharges can be obtained at low pressures, 

atmospheric DBDs use to be non-homogeneous and appear as discontinuous columnar 

patterns or as filamentary discharges.15–18 

On the other hand, the outstanding properties (e.g., high permittivity, piezoelectricity 

or pyroelectricity responses or spontaneous reversible polarization) of ferroelectric 

materials make their use pervasive in capacitors,19 transistors,20 memory devices,21 

surface acoustic wave (SAW)22 resonators or sensors.23 Recently, after measuring a 

negative capacitance for a PZT ferroelectric thin film, Khan et al.24 proposed the 

incorporation of ferroelectrics to different disruptive plasma technologies. In this line, 

Johnson et al.25 proposed the use of ferroelectric plates in plasma actuators while the 

incorporation of ferroelectrics in packed-bed plasma reactors proved to increase their 

chemical efficiency for the synthesis of ammonia, conversion of CO2 or the reforming 

of hydrocarbons. 6,9,26 The higher dielectric constant of ferroelectrics with regard to 

classical dielectrics (e.g., quartz or alumina) has been claimed to contribute to the 

enhancement of process yield.4,27 However, beyond this correlation, more systematic 

analysis are still needed to determine the actual behavior of FDB plasmas and the 

magnitude of plasma intensity (i.e, the transferred charge) when using ferroelectrics in 

different reactor configurations. The analysis of the discharge behavior at low 

frequencies, low voltages and large inter-electrode distances is crucial for the 

industrial use of DBD/FBD discharges, and especially for those applications having 

gained attention recently as seed treatment or plasma medicine. 28,29  The present 

work addresses a series experimental issues whose determination is deemed critical 

for a better understanding of FBD plasmas: i) I-V dependence, ii) characteristics 

(filamentary or glow15) of the obtained FBD plasmas and iii) heterogeneous distribution 

of plasma zones on operation conditions and type of barrier material.15,30–32 In 

particular, we compare the electrical behavior and the spatial distribution of plasma in 

a parallel plate reactor moderated with ferroelectric and dielectric plates. Parameters 

such as inter-electrode distance and applied voltage, known to control the charge 

accumulation on ferroelectric surfaces33,34 and their capacity to emit electrons,35 have 

been systematically varied as running parameters in this study. 
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2.-Experimental section 

Experiments have been carried out in a plasma reactor consisting of a chamber with 

two parallel stainless steel plate electrodes on which either ferroelectric (LiNbO3, both 

size polished, 0.5mm-width and cut at 128º with respect to the Y-axis, Roditi 

International Corporation, London) or dielectric (fused silica from Sceram, France) 

plates were fixed. The relative dielectric constant of fused silica is similar to that of 

quartz plates (i.e., 4.60 and 4.51, along parallel or perpendicular directions to the 

optical axis36) and much lower than that of LiNbO3 (main axis equivalent values are 

T11= 85.2, T22= 85.2 and T33= 28.7, as provided by the supplier).  The upper electrode 

was high voltage activated while the bottom electrode was grounded. Time evolution 

of the charge transferred during the discharge, Qt(t), and consumed power, P(w), were 

determined by time integration of the measured I(t) and from the area of the Lissajous 

(Q(t)-V(t)) curve, respectively (see supplementary material S1). Trying to optimize the 

experimental conditions and to reduce the consumed power, both the input signal 

frequency (1 kHz) and the applied voltage (varying from 0.5 to 3 kV) were much 

smaller than typical frequencies and voltages used in DBD.35 The discharge current was 

measured by a coil (Pearson current monitor, Model 2877) in series with the reactor 

and at ground side of the equivalent circuit. V(t) was measured using a high voltage 

probe directly connected to the active electrode. Both I(t) and V(t) signals were 

collected with an oscilloscope (Tektronix TDS2001C). A more detailed description of 

the electrical layout is supplied as supplementary material S2. 

The ferroelectric plate (100 mm wafer diameter) was larger than the metal electrode 

(80 mm diameter) to avoid the formation of micro-discharges at the electrodes edges. 

The inter-electrode distance was varied with a micrometric screw connected to the top 

electrode. All the experiments were carried out at room temperature and atmospheric 

pressure. Helium, selected as plasma gas because its well-recognized capacity to form 

glow DBD plasmas,33,37 was delivered to the chamber through apertures situated over 

the active electrode, and left the reactor through a lateral port. It is noteworthy that, 

due to the low chamber vacuum reached before experimental measurements (10-2 

mbar), the presence of some nitrogen impurities that can contribute to obtain a more 

homogenous discharge as a consequence of Penning ionization processes38 cannot be 
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neglected. Gas flow rate was maintained constant at 2.0 L/min. Time-integrated 

pictures of the plasma were taken with a Canon EOS 5D-III camera (exposure time 

1ms). 

3.-Results and Discussion 

3.1.-Characterization of expanded plasma discharges 

Figure 1 (a) shows the characteristic I(t)-V(t) curves and the temporal evolution of 

transferred charge when using ferroelectric plates (i.e., in FBD mode) for a 9.8 mm 

inter-electrode spacing and a 1.98 kV amplitude sinusoidal voltage. This value was the 

minimum required to switch-on a plasma completely filling the electrodes region. For a 

given gap, we denote this switch-on value as threshold voltage and the obtained 

plasma as expanded discharge extending over the whole electrode surface (note that 

this expanded plasma is usually columnar and that, once formed, the discharge can be 

maintained at lower voltages depicting a different pattern of plasma columns, see 

section 3.2). 

Figure 1 (b) shows a similar plot of V(t) and I(t) curves for the reactor operated with a 

quartz plate (i.e., in DBD mode).  The discharge electrical behavior was qualitatively 

equivalent to that of FBD, with the significant difference of a smaller width and much 

lower intensity of the I(t) peak. In the two cases, it is noteworthy that the smooth 

shape and discrete time spam of the intensity curve for I(t)≠0 discard the formation of 

micro-discharges during either FBD or DBD operation and suggest that plasma 

discharge behaves like an APGD (atmospheric pressure glow discharge).33,35,39 

Nevertheless, the discharge appearance was different when using dielectric materials, 

whereby the plasma column distribution was more ordered and homogeneous, as 

described in section 3.2. 

The shape and other features of the I(t)-V(t) curves represented in Figure 1 may be 

used to identify characteristic discharge events that can be described in the following 

terms:  
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(a) At V(t)=0 (point “1”) no current is flowing through the circuit, although the 

ferroelectric plate may keep some charge from a previous excitation cycle.  

(b) Upon plasma ignition, current sharply increases while, simultaneously, at 

breakdown point “2”, V(t) sharply drops to immediately recover its sinusoidal 

shape (see the inset in Figure 1(a)). Similar distortions have been observed in 

other FBD experiments25 and attributed to a rapid realignment of accumulated 

charge during ferroelectric switching. We assume that a modification in the 

space charge distribution may create a strong electric field at the electrode 

surface and provoke the observed sudden voltage drop. Similar, though less 

abrupt, distortions were found in the DBD experiments of Figure 1 (b). The 

equivalent FBD and DBD behaviors suggest that, rather than resulting from 

ferroelectric switching, the observed voltage distortions under plasma ignition 

must be due to differences in the charge re-distribution on the barrier 

materials.  

(c)  After ignition, current continuously increases up to reach its maximum value at 

point “3” (74 mA in Figure 1 (a) and 18 mA in Figure 1 (b)). After reaching this 

point, I(t) progressively decreases until plasma vanishes at point “4”. Then, the 

transferred charge (Qt) remains constant till the polarity changes and the 

plasma ignites again (point “5”). The discharge behavior is mirror-symmetrical 

with respect to the first half period, making that Qt(t) becomes zero again due 

to the opposite sign of I(t). As shown by Pipa et al.,40 the transferred charge 

must be equivalent to the accumulated charge on the barrier surfaces.  

(d) The process repeats continuously following the periodicity of the excitation 

signal, V(t). 
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Figure 1. (a) I(t)/V(t)/Qt(t) curves for an inter-electrode distance 9.8 mm and LiNbO3 as 

barrier material. (b) Idem for quartz as barrier material. The insets show a time-

expanded view of the voltage drop and intensity evolution upon plasma ignition. 

To highlight the different capacity of charge accumulation and discharge behavior of 

FBD and DBD modes, we represent in Figure 2 the Lissajous curves deduced from the 

previous I(t)-V(t) plots. The comparison of these two curves clearly sustains that in FBD 

mode plasma transfers much more charge than in DBD mode. The much lower 

magnitude of the transferred charge in DBD agrees with the smaller dielectric constant 

of fused silica and its lower capacity to accumulate charge (e.g., 2470 nQ on LiNbO3 

against 170 nQ on fused silica as determined from the Lissajous curves in Figure 2). 
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Figure 2. Lissajous plots calculated from the I(t)-V(t) plots in Figure 1.  

It is also noteworthy in these plots that, according to the analysis above of I(t)-V(t) 

curves (i.e. bullet point b), the breakdown voltage (i.e., the voltage required to induce 

current flow between electrodes, whatever its spatial distribution, see below) 

corresponds the squared green dots in the Lissajous curves represented in Figure 2. 

This assignment slightly differs from the common attribution of breakdown voltage to 

the point where the Lissajous curve cuts the X-axis.40 The difference between these 

two assignments would be small for square shaped curves and high capacitive 

materials, but might be quite significant in processes where Lissajous curves are 

elliptical.9 In this line, it is also remarkable that the sharp voltage drop observed at 

breakdown (c.f., inset in Figure 1a) renders a temporary negative capacitance 

(dQ/dV<0), as deduced from the negative slope of the Lissajous curve at this point 

(Figure 2).24 

Additional experimental evidences of a higher efficiency of FBD vs. DBD are reported in 

Figure 3. For both FBD and DBD plasmas, this figure displays the variation of the 

applied threshold voltage and the maximum value of transferred charge during one 

electrical cycle as a function of inter-electrode distance. As observed, the threshold 

voltage is approximately the same in both cases, while transferred charge values are 

higher for the FBD, independently of the electrode separation. It is apparent that the 

slope of the FBD transferred charge curve experiences a slight increase for inter-

electrode distances higher than 7mm. We attribute this increase to a significant 



 
 

8 
 

contribution from particle induced emission of secondary electrons (i.e., electrons 

emitted when energetic particles reach the ferroelectric/dielectric plates), in addition 

to electrons coming from gas ionization processes. This phenomenon would be much 

larger for FBDs, where the direct electron emission from the ferroelectric, related with 

its secondary emission coefficient (γ), should be much higher than that due to 

ionization of the plasma gas. Indeed, for both kinds of materials, the current curve 

shape in Figure 1, coming down to cero just after reaching the maximum, point to a 

discharge controlled by secondary emission processes instead of ionization processes, 

likely characterized by a longer time discharge. In agreement with Massines et al., 35 

secondary electrons modulated by plasma would deploy a positive charge space along 

the inter-electrode gap and contribute to the observed voltage drop at breakdown 

when current flows between the two electrode plates (see insets in Figure 1).  Plasma 

induced electron emission have been observed for other barrier materials41 

(ferroelectric or not). In ferroelectrics, mechanisms of electron emission due to domain 

switching42 and the presence of high local electric fields on the ferroelectric surface43 

may also contribute to I(t). Recently, Johnson et al. have determined that secondary 

electron emission from FBD surfaces may reach values up to 80 mA,25 lower than some 

of the current flows found in the present work (see supplementary material, Figure 

S3). Due to the complexity of the phenomena taking place at ferroelectric charged 

surfaces, a comprehensive explanation of plasma induced secondary electron emission 

from ferroelectrics is still missing, including the possible contribution of other emission 

phenomena besides secondary electron emission. In the case of dielectric materials 

several authors have analyzed these issues,35 pointing to the formation of a positive 

column and long-living species as key factors to enhance secondary emission. 
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Figure 3. Evolution of transferred charge (continuous line) and threshold voltage (dash 

line) with the inter-electrode distance for both FDB (red lines) and DBD (black lines). 

The active role of the ferroelectric surface in contributing to plasma formation is 

further demonstrated by analyzing the time evolution of the current peak in successive 

ignition events. Figure 4 (a) shows a typical behavior of the I(t) curve for successive 

switching cycles of the plasma discharge for an inter-electrode distance of 9.8 mm. It 

appears that, while the V(t) curve shape is stable, the height of the current peak 

continuously decreases during the reported five positive and negative ignition events 

(after the third/fifth period, depending on conditions, the height of the intensity curve 

recovers always its maximum to reproduce the process in a cyclic way). Yet, a closer 

inspection to the peaks shapes reveals that the integrated charge does not change 

from the first to the fifth positive event, but there is an increase in peak width and the 

appearance of a small repetition feature separated by 0.1 ms from the main peak 

(Figure 4 (b)). This evolution reveals a kind of memory effect which we do not observed 

in DBD mode under our experimental conditions, probably because of the high surface 

charge trapping capacity in FBD and the related increase in the secondary electron 

probability. 35 
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Figure 4. (a) Plot of the V(t) and I(t) curves during five alternant periods during a FBD 

experiment for an inter-electrode distance of 9.8 mm. (b) Normalized plot of the T1
+ 

and T5
+ peaks to highlight their different width and shape. 

3.2.-Lateral distribution of plasma 

The formation of columnar patterns in atmospheric pressure DBD plasmas is a well-

known phenomenon30–32,44 that has been associated with local variations of 

capacitance and potential along the discharge zone, and with the loss of discharge 

homogeneity due to the interaction of charged particles with the dielectric surfaces. 

45,46 Xu. et al.47 have numerically analyzed these changes, accounting for the plasma 

patterns formed at low pressure DBD discharges. In agreement with these works, a 

patterned columnar distribution of plasma was also found during DBD and FBD 

operation of our reactor (note however the quite different intensity of the discharges 

as illustrated in Figure 1). Figure 5 shows expanded discharge photographs for the two 

analyzed cases at the threshold voltage and an inter-electrode separation of 9.8 mm. 

Although columnar-like structures are formed both for FBD and DBD, the number of 

columns is higher in the former case where it also depicts random spatial distribution. 

For DBDs, plasma columns appear as an organized and symmetrical distribution where 

columns are equidistance. The more random distribution in FBD could be correlated 

with variations in surface charge distribution on the ferroelectric material where a 

higher capacity to accumulate charge could give rise to inhomogeneities in its surface 
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distribution due to free charge mobility and hence to the appearance of new columns 

arbitrary positioned onto the surface.  

 

Figure 5. Columnar plasma distribution for DBD (top) and FBD (bottom) discharges 

(interelectrode distance 9.8 mm, Vthreshold 1.77 kV and 1.98 kV for DBD and FBD 

respectively) showing a more heterogeneous pattern in the latter case. 

In addition to the previous analysis of FBD vs. DBD for expanded plasma conditions, 

i.e., when the plasma has been ignited at the threshold voltage, we have also 

investigated the columnar lateral distribution of plasma in FBD when lowering the 

applied voltages from this state.  

Figure 6 reports the FBD intensity curves and plasma characteristics for several 

voltages at a fixed gap of 9.8 mm. According to this figure, at the threshold voltage of 

1.98 kV, plasma consists of a distribution of multiple plasma columns 

inhomogeneously spread onto the electrode surface. Then, when lowering the voltage, 

plasma distribution transforms into others with only a few isolated plasma columns 

(e.g., three columns appeared at 1.84 kV and only one at 1.72 kV). A closer look to the 

image of these individual columns reveals that, independently on its number, their 

vertical profile has consecutive dark and bright regions mimicking the behavior of a 

conventional glow discharge.37 A glow character of these plasma columns, 

independently on their lateral distribution, is further supported by the similar shapes 

of I(t) curves at decreasing voltages (c.f. Figure 6). It is also noteworthy that in our 

experiment the already referred progressive decrease in the number of plasma 
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columns with the applied voltage could be only observed for FBD, but not for DBD 

plasmas. In agreement with Hao et al.48, in the DBD experiment, the transition to 

isolated well-separated plasma columns could only be observed by slowly decreasing 

the voltage. Again, this difference must be associated with the higher capacity of 

charge accumulation on the surface of the ferroelectric plate electrodes. 

 

Figure 6. Evolution of I(t) curves recorded during a half cycle for progressively smaller 

applied voltages and a gap of 9.8 mm in FBDs. The corresponding photographs and 

plasma schemes at the right hand side of the figure illustrate the evolution of plasma 

distribution up to its extinction. 

The complex evolution of columnar pattern in FBD was rather complex and highly 

dependent on working conditions. The series of photographs in Figure 7 (a), taken at 

the threshold voltages required to ignite an expanded discharge, show that plasma 

distribution varied with electrode separation and its associated threshold voltage. For 

small inter-electrode separations (1.4-2.8 mm), plasma spread homogeneously 

through the whole gap with no clear hints of columns formation. Then, for larger gaps, 

it broke up into separated and less numerous columns up to an inter-electrode 

distance of 7.0 cm or larger, a value for which the number of columns remained 

virtually constant. To explain the decreasing number of discharge channels as gap 

distance increases it is necessary to take into account the evolution of the 

accumulated charge and its spatial distribution. The longer the gap the higher the 

accumulated charge needed to ignite the discharge, in fact, transferred charge 
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increases as the distance does (see Figure 3). Charges would tend to be accumulated at 

some points on the barrier material surfaces in order to reach the necessary conditions 

to ignite the discharge, giving rise to several discharge channels. As the gap distance 

increases the number of charges accumulated in each point needs to be higher to 

initiate ignition, resulting in a reduced number of current channels. In parallel to these 

changes in the lateral distribution of plasma, the number of well-defined intensity I(t) 

peaks during a half voltage period varied from three for the smallest inter-electrode 

gaps to two and one at larger gaps (c.f., Figure 7(b)). This finding and the different time 

evolution of Qt clearly demonstrate that various breakdown events can be triggered 

during a half period, particularly when there is a small separation between electrodes. 

This is a consequence of the glow character of the discharge, the fast decay of the 

current peak and the low frequency used for these experiments. This discharge 

behavior, together with the memory effect accounted before, are clear 

demonstrations of interplay between charge accumulation and plasma ignition 

phenomena when using ferroelectric materials as electrodes.  It is also noteworthy 

that the low power required to ignite the FBDs (varying from 0.20 W to 7.48 W for 1.4 

mm and 11.2 mm gaps, respectively, see supplementary material S4) and the 

fulfilment of the Meek criterion33 for all investigated discharges support the glow 

character of these plasmas,35 independently of the number of events per period. We 

must stress that a columnar distribution of plasma is compatible with a glow 

ionization33 and simply reveals that charge density accumulation on ferroelectric 

surface and gas volume vary laterally with operating conditions. Thus, since the shape 

of the intensity/transferred charge curves was similar in the two cases, most important 

difference between FBD and DBD is the much smaller intensity of the transferred 

charge and the more ordered plasma columnar distribution in the latter. Such a 

difference must be explained in terms of charge surface distribution, which is higher 

and more inhomogeneous onto the ferroelectric material. 
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Figure 7. (a) Photographs of a FBD taken for different inter-electrode distances and 

threshold voltages. (b) Selected I(t), V(t) and Qt(t) curves determined for these 

discharges. 

4.-Conclusions 

The phenomenological description of plasma discharges in a parallel plate FBD reactor 

has shown that charge injection into the plasma determines both current intensity and 

plasma spatial distribution. DBD and FBD present similar threshold voltages but the 

higher polarizability of ferroelectric materials determines a much higher charge 

accumulation onto the electrode surface and hence, a higher discharge current. In 

addition, the higher capacity for charge accumulation on the ferroelectric surface is 

deemed to be the main factor responsible for a non-equidistant plasma column 

distribution. The underlying factors leading to the found increase of current density 

must be related with basic physical processes such as the emission of secondary 

electrons and their injection into the plasma. We believe that the intensity 

enhancement found in FBD reactors, the low consumed power to sustain the 

discharges and the possibility to tune their electrical behavior at quite high inter-

electrode separations are key features to develop new atmospheric pressure plasma 

devices for advanced applications as seed treatment and plasma medicine.  
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SUPPLEMENTARY MATERIAL 

See supplementary material S1 for transferred charge calculation, S2 for a detailed 

description of the reactor, S3 for a study of the maximum current vs inter-electrode 

distance in both cases (FBD and DBD) and S4 for the FBD Lissajous plots at different 

inter-electrode distances.  
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