Plasma Chem Plasma Process (2011) 31:1-21
DOI 10.1007/s11090-010-9275-y

ORIGINAL PAPER

Investigation of the Atmospheric Helium Dielectric
Barrier Discharge Driven by a Realistic
Distorted-Sinusoidal Voltage Power Source

C.-T. Hung * Y.-M. Chiu * F.-N. Hwang * M.-H. Chiang -
J.-S. Wu * Y.-C. Wang

Received: 29 April 2010/ Accepted: 14 October 2010/ Published online: 18 November 2010
© Springer Science+Business Media, LLC 2010

Abstract The non-equilibrium atmospheric-pressure parallel-plate helium dielectric
barrier discharge (DBD) driven by a realistic 20 kHz distorted-sinusoidal voltage waveform
has been investigated by means of simulations and experiments. A self-consistent one-
dimensional fluid modeling code considering the non-local electron energy balance was
applied to simulate the helium DBD. The effect of selecting plasma chemistry was inves-
tigated by comparing simulations with experiments. The results show that the simulations,
which include more excited helium, metastable helium and electron—ion-related reaction
channels, can faithfully reproduce the measured discharged temporal current quantitatively.
Based on the simulated discharge properties, we have found that there is complicated mode
transition of discharges from the long Townsend-like to the “dark current”-like, then to the
short primary Townsend-like and the short secondary Townsend-like for the helium DBD
that is driven by a realistic distorted-sinusoidal voltage power source. Discharge properties
in different periods of discharge are discussed in detail in the paper.

Keywords Townsend-like discharge - Atmospheric pressure plasmas - Helium -
Fluid modelling - Dielectric barrier discharge

Introduction

Atmospheric-pressure plasmas (APP) have attracted a tremendous amount of attention in
the past two decades, mainly because: (1) they do not require the use of vacuum equipment
and (2) they have increasingly numerous applications in modern science and technology.
The former drives the cost down dramatically compared with those that have been used in
materials processing and also offers the possibility of in-line processing in industry. The
latter may include surface cleaning [1], surface modification [2], thin film deposition [3],
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etching [4], biological decontamination [5], ozone generation [6], pollution control [7], flat
plasma display panels [8] and gas lasers [9], to name a few.

The types of APP are generally classified based on the power sources, which may
include radio frequency (RF) capacitively coupled discharge, alternating current (AC)
dielectric barrier discharge (DBD) and microwave discharge. Among these, helium DBD
may represent one of the most popular discharges because of its easier implementation and
numerous applications. In addition to experimental diagnostics, fluid modeling has been
proved to be a very useful tool for understanding the plasma physics and chemistry of
helium discharges. Indeed, the outcome of fluid modeling strongly depends on the selec-
tion of the plasma chemistry and other parameters such as transport coefficients and rate
constants, in addition to the numerical accuracy of the simulation itself. Thus, in this paper
we intend to present the effect of selecting simple and complicated plasma chemistry on
simulating helium DBD driven by a realistic bipolar pulsed power supply using fluid
modeling by comparisons with experimental data and to elucidate the underlying physics
based on the simulation data.

In the literature, there are many fluid modeling studies on the topic of helium DBD
under the atmospheric-pressure condition as described in the following.

On one hand, in the case of RF AP discharge, one-dimensional fluid modeling was often
used to elucidate the plasma physics by varying parameters such as the gap distance, the
amplitude of the sinusoidal voltage, the frequency of the sinusoidal voltage, the mixture of
impurities and the secondary electron emission coefficient [10—14]. In these studies, very
simplified helium plasma chemistry was used and generally was in reasonable agreement
with experimentally measured discharged currents.

On the other hand, in the case of AC DBD, one-dimensional fluid modeling was also
often used by parametric studies to study the discharge physics. These include changes in
the gap distance, the dielectric thickness, the dielectric permittivity, the amplitude and
frequency of the sinusoidal voltage in the range of 10-130 kHz, the mixture of impurities,
the voltage waveform (e.g., pulsed or others) and secondary electron emission, among
others [15-21]. In these studies, a relatively complicated helium plasma chemistry set was
adopted to simulate the discharge physics. These plasma chemistries generally included
more reaction channels related to excited and metastable helium. The results of DBD
studies [15-18, 20] generally followed the trends of the experimental data, although
quantitative comparison is still not favorable to the best knowledge of the authors. The
reason should be attributed to the use of local field approximation (LFA), which assumes
that the input electric power into the plasma is balanced with the power consumed by local
reactions. It has been confirmed that the use of local mean energy approximation (LMEA)
generally leads to better results than LFA because the LMEA considers the non-local effect
of electron energy distribution [22]. This may become more important for APPs since the
electron-neutral elastic collision becomes non-negligible under the atmospheric condition,
which is not considered at all in LFA.

There seems to be no previous study focusing on the detailed comparison of the
selection of plasma chemistry in the fluid modeling of helium DBD driven by a realistic
distorted-sinusoidal power source and its direct validation by comparisons with the
experimental data, although this is important in conducting useful fluid modeling for this
type of discharge. Also, there has been no detailed study discussing the detailed mode
transition within a cycle for a realistic quasi-pulse power source. Thus, it is the major
objective of this current study to present the effect of selecting plasma chemistry in helium
DBD simulations driven by a realistic quasi-pulse power source and to compare the
simulation quantitatively with the experimental data.
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In this study, one-dimensional self-consistent fluid modeling using the fully implicit
method was employed to simulate the helium DBD (driven by a distorted-sinusoidal
waveform, 20 kHz power source) using simple and complicated plasma chemistry,
respectively, and to compare with the experimental discharge currents obtained in the
present study. In addition, several temporal and spatial distributions of important properties
are presented to explain in detail the effect of selecting helium plasma chemistry. The
results show that the inclusion of more excited and metastable species-related channels in
the plasma chemistry is critical for predicting the correct discharge currents in the fluid
modeling of helium DBD driven by the complicated applied voltage power source.

The remainder of the paper is organized as follows. The numerical method is introduced
in Sect. 2, followed by a description of the experimental method in Sect. 3. Then, the
detailed results are presented and discussed accordingly. Finally, the major findings of the
present study are summarized at the end of the paper.

Numerical Method
Fluid Modeling Equations

In the framework of fluid modeling, electron and ion number densities are calculated as
functions of time and space resulting from the coupled solution of the species continuity
equation, species momentum equation, species energy equation and field equations. Since
the fluid modeling equations are similar for most of the gas discharges, we only summarize
a typical set of equations in the following as the model equations for the purpose of
demonstration. Note that we neglect flow convection effects in the present study.

The general continuity equation for ion species can be written as

Ip

on, = =
ﬂ+v-r,,:2s,,i p=1,..K (1)
i=1

ot

where n,, is the number density of ion species p, K is the number of ion species, r), is the
number of reaction channels that involve the creation and destruction of ion species p and

l:p is the particle flux that is expressed, based on the drift—diffusion approximation, as
r,= sign(qp)upan —D,Vn, (2)
E= —Vo 3)

where g, E, Uy, D), and «;, are the ion charge, the electric field, the electron mobility, the
electron diffusivity and the ionization rate, respectively. Note that the form of the source
term S,; can be modified according to the modelled reactions describing how the ion
species p is generated or destroyed in reaction channel i. The boundary conditions at the
walls are applied considering thermal diffusion, drift and diffusion fluxes.

The continuity equation for electron species e can be written as

on, o

e

—~<4+V.-T, =) 8§, 4

at e ; €i ( )

where 7, is the number density of ions, r. is the number of reaction channels that involve
the creation and destruction of electrons and l:g is the corresponding particle flux that is

expressed, based on drift—diffusion approximation, as
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I, = —,ueneE - D,Vn, (5)

where i, and D, are the electron mobility and electron diffusivity, respectively. These two
transport coefficients can be readily obtained as a function of the electron temperature from
the solution of a publicly available computer code for the Boltzmann equation, named
BOLSIG+ [23]. Similar to S,;, the form of S, can also be modified according to the
modelled reactions that generate or destroy the ion in reaction channel i. The boundary
conditions at the walls are applied considering the thermal diffusion, drift and diffusion
fluxes of the electrons. Secondary electron emission or photo-electron emission from the
solid walls can be readily added if necessary.
The continuity equation for neutral species can be written as

anuc = -
5 +V~rM:;Sm uc=1,...,L (6)

where n,,. is the number density of uncharged species uc, L is the number of neutral
species, r,. is the number of reaction channels that involve the creation and destruction of
uncharged species uc and [, is the corresponding particle flux, neglecting convection
effects, which can be expressed as

l::uc = _Ducﬁnuc (7)

where D, is the diffusivity of neutral species. Similarly, the form of S, can also be
modified according to the modelled reactions that generate or destroy the species in
reaction channel i. Neumann boundary conditions at the walls are applied since no surface
reactions are considered in the present study.

The electron energy density equation can be expressed as

on o . m,
5 FV T = el E- ; iSi + 3 kv (Te = T) (8)

where n, (: %ngkg Tg) is the electron energy density, 7, is the electron temperature, ¢; is the
energy loss for the ith inelastic electron collision, kz is the Boltzmann constant, v, is the
momentum exchange collision frequency between the electron (mass m,) and the back-
ground neutral (mass M), T, is the background gas temperature and I n, 18 the corre-
sponding electron energy density flux as
5 l’lekBT
7kBT r,— Emv("ﬂ“) 9)

The second term on the right-hand side of Eq. 8 represents the sum of the energy losses
of the electrons due to inelastic collision with other species. The last term on the right-hand
side of Eq. 8 can be ignored for low-pressure gas discharges, while it is important for
medium-to-atmospheric pressure discharges. Similarly, the boundary conditions at the
walls are applied considering thermal diffusion, drift and diffusion fluxes. Secondary
electron emission and other boundary effects can be readily added if needed.

Poisson’s equation for electrostatic potential can be expressed as

V- (Vo) = (Zq,n,— ) (10)
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where ¢ is the potential and ¢ is a function of position, whose value is either the vacuum or
dielectric permittivity, depending upon the problem. All the transport properties of neutral
and ions are obtained from literature data [12, 24].

Discretization, Numerical Schemes and Algorithms

In the present study, the above equations were recast into a one-dimensional form and
discretized using the finite-difference method, which is similar to our previous work [25]
using a library of PETSc [26], except for the addition of the electron energy density
equation, which considers the effect of non-local electron transport. The resulting system
of non-linear algebraic equations was then solved using a fully implicit backward Euler’s
method in the temporal domain with the Scharfetter—-Gummel scheme for the mass fluxes
in the spatial domain. At each time step, the resulting large sparse algebraic non-linear
system was solved by a parallel fully coupled Newton—Krylov—Schwartz (NKS) algorithm,
in which an additive Schwarz preconditioned GMRES is used for the solution of the
Jacobian system. We have used an inexact or exact solver such as incomplete LU (ILU) or
LU factorizations in each subdomain for the purpose of preconditioning. We evaluated the
Jacobian matrix entries using a hybrid analytical-numerical method, in which the entries
involving the derivative with respect to number density (e.g., the source terms of the
species continuity equations) are expressed analytically without resorting to numerical
approximation. For other entries, it can be evaluated using a standard finite-difference
method. This strategy is especially useful for the plasma simulations with a large number
of species and reaction channels. Details of this implementation are presented elsewhere.

“Simple” and “Complex” Helium Plasma Chemistry

For the simulation, we considered two sets of plasma chemistry (termed “simple” and
“complicated”), which are summarized in Table 1 and schematically sketched in Fig. 1 for
easy visualization. For the simple plasma chemistry, we considered 6 species and 10
reaction channels, which have been used frequently and successfully for RF discharge
simulations. They include 6 species (e~, He},, He3, He't, He?™, He) and 10 reaction
channels. For the complicated plasma chemistry, we considered 7 species (e, He,, HeZ;,
He’, He™, Hezr , He) and 27 reaction channels, with one more species (He.;) than the
simple set. In general, the complicated plasma chemistry includes more reaction channels
related to heavy particles, referring to Table 1, such as ion-e recombination [12], ion—
electron dissociative recombination [14], ion—electron recombination [15, 16], Hornbeck—
Molnar associative ionization [17], metastable-metastable associative ionization [18],
metastable-induced dissociative association [22], metastable-induced association [23],
dimer-induced dissociative ionization [24], dimer-induced ionization [25] and helium-atom
induced dissociation [26].

The transport coefficients and the rate constants related to the electrons were calculated
by solving the Boltzmann equation using BOLSIG+ [23]. Note that these coefficients were
predicted and stored in a lookup table as a function of the electron temperature. The
transport coefficients (mobility and diffusivity) of the ions (H" and Hej) were adopted
from the experiments by Ellis et al. [24] as a function of the reduced field (E/N) and were
calculated by assuming species transport in helium background gas at a temperature of
400 K. As for the diffusion coefficients of neutral species (atomic and molecular helium),
they were the same as those of Yuan and Raja [12].

@ Springer



1-21

Plasma Chem Plasma Process (2011) 31

[21] efey pue ueny .
[LT] Te 10 SuQLERIN 4

0 -0l X 67 9HE <« oH + %H UOTJBIOOSSIP PAonpul Woje-o 9Z
Lel— 01 XTI 9+ 9HZ + “H — %H + %H UOBZIUOT PAJNPUI-IQWI ST
[0 91-01 X € 9+ 9HE + [9H < %H + H UONBZIUOT SATIRIOOSSIP Pasnpul-Iauwi(q +e
6'SI— -0 X ¢ 9+ 9H + H < %H + “°H UON)BZIUOT PIONPUI-I[QRISEIIA €z
Sel— 9101 X € 9+ 9HZ + (9H < %H + “PH UOTJBZIUOT QATIRIDOSSIP PAONPUI-I[QRISBIN w©

0 01 X €71 op—01 X 61 SH + {H < °HZ + "°H UOIIRIDOSSE PONpPUI-I[qRISLIdA 1z

0 01 X 01 w01 X 69 SH + %H < 9HZ + 4°H UOISIOAUOD UO] 0z
8'ST— 01-0T X L'T o101 X L'8 9+9H + ,9H «— °H + °H UONRZIUOT S[qRISLIOW-I[QRISLIIN 61
81— ¢-01 X €0C Q4+ MQI — “oH + "loH UONBZIUOT SATIRIDOSSE J[(EISBIOW-I[qRISBIdN 81

(e<wo =01 X 61 9+ H «— 9H + 1°H UOIBZIUOI QAIIRIDOSSE IRUJOJA-YO9qUIOH L1

0 6c—01 X ST OH + %H « 9H + 2+ oH UONBUIqUIOdAT J-UO] 91

0 01 X T1 o+ %y —og + “H UORUIqUIOdT 9-UO] IS

0 6c— 0T X G'°¢ SHZ + %9H < SH + 9+ oH UOTJRUIQUIOAT SATIBIOOSSIP 9-UO] I

0 2c-01 X 8T 9+9H + JoH < 9 + foH UONBUIqUIOII SATIRIOOSSIP 9-UO] €1
8LY— ¢0-°Lg-0T X 8E'S 201 X9 YOH 49 97+ °H UONRUIQUIODAT 9-UO] Fal
6LT— AB_M#V B PLy 01 X T -0 X 8¢ SHZ +2° « BH +° uoneroossip joedw-o 1
861— 160°L,1-0T X 6601 -0 X 67T O + 9« Yoy +o uonejoxa-ap oedwi-o 01

8L A.,o_xw%v d%0 4 PLg; 01 X 9% +01S 1049 LOH+97 < "eH+29 uoneziuor 1oedwi-o 60

86HT Ammmﬂv B 5902y 01 X 6T +o157109 \OH + 9T — 9H + 9 uoneziuor oeduit-o 80

#LS'TT +0I1S704 IPH+2 —oH+2 uoneoxs Joedwi-o 20

861 (o) 430 ¢ 2Loy 01 X €T +oIS108 Vo 0 op 4o woneoxe udu-o "

0 +DIS7104 +DIST04d QH+9 < oH+2 IoJSueI) WNUSWO 00

(A9) ploysaIyf, Y (61510 «paredrdwo) S[OUURYD UOTIORIY ad£) uonoeay ‘'ON

Anstwoyds ewsed wnijay pajesridwos pue oidws jo ArewwnS | d[qe],

pringer

Qs



Plasma Chem Plasma Process (2011) 31:1-21 7

Threshold energy of He
(a) He
Ton conversion I 24.58 eV
222 eV, L
.. % I Collision by ¢
H
| < T .
R —_—
Molecular Ion 1.2 .. | 20.6 eV | Recombination
‘_ ; E 19.8eV |bye
~17.9 eV, , I He
He Reaction by He
Excimer ' Heﬁ,
| Reaction by He,
e e
L _He |oev
Ground state
Threshold f H
Threshold energy of He, resiold energy ol He
A Ion conversion He
Associative - I 24.58 eV e
222 eV ionization e| He .
|222¢ \ m— . Collision by e
. He | Ton |
| € € e
1 . I —_——D
Molecular Ipn ! Recombination
|

: | bye
— < ]>20.96 ev|
| EHE) e
|

Reaction by He

*
Excimer Hen,

Reaction by Hc;

> d state of He, o
A =3 o
associative Her, Metastable | 2
¢ fonization e Reaction by Ile:
Hd |
Av4
| He I J0ev
| I
L_____IGround state

Fig. 1 Schematic diagram of a simple and b complicated helium plasma chemistry based on the magnitude
of energy level

Experimental Methods

To validate directly the fluid modeling presented in the current study, we conducted
corresponding experiments of helium DBD in our laboratory, which are described in detail
in the following.

Figure 2 illustrates the schematic diagram of a planar atmospheric-pressure DBD along
with a gas supply system and the instrumentation for electrical and OES (optical emission
spectroscopy) measurements. This DBD consists of two parallel copper electrodes
(50 x 50 x 8 mm each) with embedded cooling water. Each of the electrodes was cov-
ered with a 70 x 70 x 1 mm ceramic plate with measured relative permittivity of 11.63.
The distance between the two dielectric plates was kept at 1 mm throughout the study. This
DBD assembly was driven by a distorted-sinusoidal power supply (Model Genius-2, EN
technologies Inc.) at a fixed frequency of 20 kHz. The input power from the power supply
was fixed at 100 W throughout the study. The input voltage and output current waveforms
across the electrodes of the parallel-plate discharge were measured by a high-voltage probe
(Tektronix P6015A) and a Rogowski coil (IPC CM-100-MG, Ion Physics Corporation
Inc.), respectively, through a digital oscilloscope (Tektronix TDS1012B). Helium gas
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Fig. 2 Sketch of the planar Power supply
helium DBD system m (Quasi-pulsed)
N4
H-V
Oscilloscope probe
[ 000
Rogowski coil/ MFC—&( He
Voltage probe -
(1:10)
Gas in
= Teflon
— Ceramic
Copper electrode
Co (6.80F) (with cooling
! ! water)

(99.99% purity) was used as the discharge gas that flows through the parallel plate. The
flow rates were controlled by a manually adjustable flowmeter.

For comparison purposes, using the same geometrical configuration, we also produced
the discharge using an RF power supply (13.56 MHz, Dressler HF-Technik GmbH, Cesar
1310) connected to a matching box (Dressler HF-Technik GmbH, VM 1000 A/AW). The
input power from the power supply was fixed at 12 W. The input voltage and output
current waveforms across the electrodes of the parallel-plate discharge were measured by a
current probe (Tektronix TCP312) and a high-voltage probe (Tektronix P6015A) through a
digital oscilloscope (Tektronix TDS1012B).

Results and Discussion
Comparison of the Discharged Current Between the Simulation and the Experiment

The input voltage waveform for the simulations was obtained by Fourier series expansion of
the measured voltage waveform across the electrodes using 50 terms of sine and cosine
functions with 20 kHz as the fundamental frequency. In general, this fitting method can be
applied to any arbitrary realistic voltage waveform. The simulated temporal discharge
currents along with the measurements are presented in Fig. 3. Note that the powered
electrode is placed at x = 0 mm while the grounded electrode is placed at x = 3 mm
throughout the current study. The results show that the predicted temporal currents using the
complex plasma chemistry are in excellent agreement with the measurements, while those
using the simple plasma chemistry fail to reproduce the measurements during some periods
in a cycle. These regions of discrepancy include over-prediction of major discharge current
peaks and under-prediction between major current peaks. This implies that the inclusion of
the more excited helium, metastable helium and electron—ion-related detailed reaction
channels is responsible for the successful fluid modeling of the helium AC DBD, which is
different from the simulation of the helium RF discharge under the atmospheric-pressure
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Fig. 3 Comparison of simulated and measured discharge currents in a distorted-sinusoidal AC cycle
(20 kHz)

condition. Note that the application of the simple plasma chemistry was able to reproduce
the experimental data as well as the complex plasma chemistry under similar geometry
(1 mm gap with 1 mm ceramic dielectrics each side), as presented in Fig. 4a. Figure 4b
shows that, in the helium RF discharge, most of the electrical power input is absorbed by the
electrons in the plasma bulk region, similar to the low-pressure condition, since the oscil-
lating frequency of the voltage is very fast and most of the electrons are unable to drift to the
dielectric surfaces in such a short period of time before the applied voltage changes
direction. However, in the helium AC DBD, it is a typical Townsend-like discharge most of
the time during a cycle period (maximal current density ~8 mA/cm?® in Fig. 3 and
Ne < <Nyes » which will be shown later), because most of the electrons are able to drift in

time towards the dielectric surfaces with a small gap (1 mm) during a half cycle. This makes
most of the electrical power be absorbed by the ions (HeJ ), rather than by the electrons as in
the helium RF case.

As a brief summary, the present fluid modeling code using the complex plasma
chemistry can predict quantitatively the temporal evolution of the discharged current of
helium DBD driven by a 20 kHz distorted-sinusoidal power source very well, which is
rarely reported in the literature. In addition, our study shows that the use of LMEA can
produce very faithful simulation results of DBD, as compared with the experimental data,
because of the consideration of the non-local effect of electron energy distribution and
inclusion of electron-neutral elastic collision effect, which are especially important in
APPs. This quantitative validation provides us with confidence in interpreting the dis-
charge physics of helium DBD based on the simulations using the complex plasma
chemistry, which are presented next.

Spatial Profiles of Cycle-Averaged Plasma Properties

Figure 5 shows the cycle-average spatial power absorption by the plasma through various
mechanisms. It shows that the molecular ions (Hey) absorb much more power through
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Fig. 4 a Comparison between experimental current and simulation for an atmospheric-pressure RF
discharge using the simple plasma chemistry. b Power absorption by various mechanisms using the simple
helium chemistry

ohmic heating than the electrons do near both the dielectric surfaces, which is caused by
the much higher concentration of the molecular ions than that of the electrons (~ 1 order),
as can be seen clearly in Fig. 6. Figure 6 illustrates the cycle-average spatial distribution of
various plasma properties. It shows that the cycle-average number density of He; is much
higher than that of the electrons (~1 order) and He™ (2-3 orders), which leads to the
observation that the power absorption by the electrons and He™ is small and essentially
negligible, respectively. This also confirms that it is a typical Townsend discharge in the
average sense: many more ions exist than electrons. This conclusion was also obtained by
the early high-pressure helium experiments [28]. The abundant He; is formed through the
ion conversion channel (He" + 2He — He; + He), which was first found by Phelps and
Brown [29]. The average electron temperature is nearly uniform across the gap and is as
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high as 5.4 eV. The two most populated neutral species are metastable He! and excimer
He; (or He; > He;, > > He];), mainly due to a series of ion—electron recombination, in
addition to the direct electron-impact excitation, as shown in Table 1.

Temporal Variation of Spatial-Average Plasma Properties

Figure 7 shows the temporal variation of the power dissipation through various mecha-
nisms similar to those presented in Fig. 5 for the RF case. Again, it shows that molecular
helium ions dissipate most of the electrical power input by the distorted-sinusoidal power
source at any instant during a typical cycle, especially during several breakdown periods
(higher power density). Also, the power dissipation by other mechanisms such as atomic
helium ions is negligible.

Figure 8 shows a series of temporal variations of several important discharge properties
in a cycle using the complex chemistry, which include: (a) the applied voltage, discharge
current, dielectric voltage, gap voltage and accumulated charge densities on both powered
and grounded dielectrics, (b) the spatial-average concentrations of charged particles and
electron temperature and (c) the spatial-average concentrations of excited, metastable non-
charged heavy particles. We divided the first half cycle (the rising voltage period) into
several distinct modes of discharge, which include long Townsend-like discharge (region
A), dark-current-like discharge (region B), primary short Townsend-like discharge (region
C) and secondary short Townsend-like discharge (region D), for the convenience of dis-
cussion as described next.

Figure 8a shows that the gap voltage has a very strong “memory effect” because of the
shielding caused by the accumulated charges on the dielectric surfaces. The discharge
current correlates very well with the gap voltage, which is shielded by the accumulated
charges on the dielectric surfaces. Also, the dielectric voltage is almost the same across
both dielectrics, of which we have plotted only one for clarity. It is also clear that the

10
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Fig. 5 Time-averaged spatial power absorption by various mechanisms for the atmospheric-pressure
helium DBD driven by a distorted-sinusoidal power source (20 kHz)
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Fig. 6 Spatial profiles of cycle-averaged discharge properties for the atmospheric-pressure helium DBD
driven by a distorted-sinusoidal power source (20 kHz)
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Fig. 7 Temporal variation of spatial-averaged power absorption by electrons and molecular helium ions by
using the complex chemistry for the helium DBD driven by a 20 kHz distorted-sinusoidal power supply

temporal variation in the accumulated charges on the grounded dielectrics correlates very
well with the change in dielectric voltage. This is attributed to the linearity of the elec-
trostatic Poisson equation. The surface charges at the dielectric surface of the ground
electrode contribute to the volumetric charge density (a source term of the Poisson
equation) and thus influence the potential distribution near the interface in a linear fashion.
Interestingly, the accumulated charges on both dielectric surfaces are nearly the same in
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Fig. 8 Temporal variation of spatial-averaged plasma properties for the atmospheric-pressure helium DBD
driven by a distorted-sinusoidal power source (20 kHz)

magnitude but opposite in sign. This is attributed to the discharge being a Townsend-like
breakdown (very few electrons compared with ions) most of the time during a cycle, in
which the electric field across the gap is not distorted, which makes the system act like a
standard capacitor.

Figure 8b shows that the molecular helium ions (3 x 10'5-10"7 m™) are the most
dominant species almost at any instant (regions A, C and D), instead of the atomic helium
ions, except in the early stage of region B, where there is approximately the same amount
of electrons as the sum of molecular and atomic helium ions. This is attributed to the
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pronounced Hornbeck—Molnar associative ionization (He! + He — Hey +e) (No. 17 in
Table 1). In regions A, C and D, they are all typical Townsend-like discharges, in which
many more ions exist than electrons (~2 orders of magnitude larger). Although the
number of electrons is small, the electron temperatures are observed to be relatively high,
in the order of 7 eV, except in region B and the early stage of region C. In addition, region
B is termed a “dark-current-like” region because of the quasi-neutrality in the plasma bulk,
the very low discharge current (<1 mA/cm?) and the very low electron temperature.

The spatial-average concentrations of several important heavy non-charged species are
presented in Fig. 8c. The results show that both the excimer helium (He3, most abundant)
and the metastable helium (He] ) are the most dominating neutral species at all times
during a cycle, while there is much less excited helium (He};) (>4 order of magnitude)
with an almost vanishing value in region B (dark-current-like) where the electron tem-
perature is nearly negligible in the bulk, which is not able to excite the helium from the
ground state.

In the following, the typical detailed distribution of the discharge properties in each
region will be presented next to elucidate the underlying physics.

Region A: Long Townsend-Like Region

In this region A, the gap voltage decreases with time because of the memory effect, as
mentioned earlier (shielded by increasing negative and positive accumulated charges at
powered and grounded dielectrics, respectively), although the applied voltage increases
with time, as shown in Fig. 8a. The magnitude of the maximum current density is
~2.4 mA/cm?, which is a typical characteristic of Townsend-like discharge, and the
temporal width is ~ 15 ps in region A. It is termed “long” because it lasts for 15 ps for a
cycle period of 50 ps. The typical snapshots of plasma properties are shown in Fig. 9 as the
applied voltage reaches 1,150 V. At this instant, the electrons and ions are attracted to the
anode and cathode, respectively, and the average electron temperature is as high as 7 eV
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Fig. 9 Snapshots of distribution of typical plasma properties in region A (long Townsend like at V
~ 1,150 volts) of a helium DBD driven by a distorted-sinusoidal power source (20 kHz)
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(Fig. 8b). In general, the electron density is far lower than the molecular helium ion density
across the gap, except in the small region near the anode, which is a typical characteristic
of a Townsend-like discharge. The generation of the Townsend-like discharge is attributed
to a larger electric field in the right-hand half of the gap, very light electrons and a very
narrow gap (1 mm), which make the electrons move to the cathode within a very short
period. Similar to those presented in Fig. 6 for the cycle-averaged data, the number den-
sities of excimer (He}) and metastable (He; ) helium are the most dominant species in the
range of 10'*-10"® m™3, which are 2 and 3-5 orders of magnitude larger than the number
density of molecular helium ions (10'” m™—>) and electrons, respectively. However, the
excited atomic helium (HeZ;) is much smaller and in the order of 10" m~>. Note that the
lifetime of the excited atomic helium is very short and is easily de-excited, which can emit
visible fluorescence. Correct prediction of the discharge current using the complex plasma
chemistry in region A is attributed to the inclusion of channels like Hornbeck—Molnar
associative ionization (No. 17 in Table 1), metastable-metastable associative ionization
(No. 18 in Table 1) and several dimmer- and metastable-related ionization channels (Nos.
21, 23 and 25 in Table 1), which can generate abundant molecular helium ions for pro-
ducing enough discharge current as compared with the simple plasma chemistry. Thus, the
use of complex plasma chemistry by including more heavy-particle-related channels in the
fluid modeling as mentioned above can faithfully reproduce the experimental discharge
current in region A.

Region B: Dark-Current-Like Discharge

In region B, the gap voltage decreases with decreasing applied voltage and the current
density becomes very small (maximal value < 1 mA/cm?), which is much smaller than
the current in the previous long Townsend-like discharge (Fig. 8a). In addition, the
magnitude of accumulated charges on both dielectrics begins to decrease gradually, which
leads to a slightly decreased dielectric voltage (Fig. 8a). This region lasts for only
~3.5 ps. Typical snapshots of plasma properties are shown in Fig. 10 as the applied
voltage reaches ~2,000 V, at which the gap voltage changes from positive to negative and
the magnitudes of the accumulated charges on both dielectric surfaces reach their maxi-
mum values. At this instant, a clear quasi-neutral plasma bulk region with very high plasma
density in the order of 10'” m™ with a width of ~0.5 mm is formed in the center of the
gap; however, the electron temperature becomes very low, except near the sheath
(~2 eV). The sheath potential (thus the electric field) is very small because of the almost
vanishing gap voltage at this instant. The electrons in the sheath are thus not accelerated to
gain energy. This leads to the disappearance of short-lived excited helium (He(;), which
requires energetic electrons to “pump up” its population at higher energy states (Fig. 10).
However, the metastable and excimer heliums are still as abundant as those in region A
because they are relatively long-lived compared with the He_;. Nevertheless, the abundant
electrons generated by those previously mentioned ionization channels (in region A) can
still be kept inside the gap because of this very small electric field and form the quasi-
neutral plasma bulk. After this instant, the electric field begins to increase with increasingly
negative gap voltage (Fig. 8a), which leads to the increase in electron temperature, as can
be seen from Fig. 8b.

By summing up the above observations, we can conclude that it is a “dark-current-
like”, instead of a glow-like, discharge in region B because of the very small discharge
current, the very small amount of short-lived excited helium and the very low electron
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Fig. 10 Snapshots of distribution of typical plasma properties in region B (dark current like at V
~2,000 volts) of helium DBD driven by a distorted-sinusoidal power source (20 kHz)

temperature, although abundant charged species with quasi-neutrality plasma bulk still
exist in the gap.

Region C: Primary Short Townsend-Like Discharge

In region C, the gap voltage increases rapidly initially from —250 V up to ~750 V and
remains at this voltage for a period of ~2 ps because the shielding from increasing
accumulated charges on dielectric surfaces balances with the increasing applied voltage
(Fig. 8a). The magnitude of the maximal discharge current is about ~8 mA/cm? and the
electron density is much lower than the ion density (especially the molecular ion), while
the electron temperature is relatively high (~7 eV on average) (Fig. 8b). Typical snap-
shots of plasma properties are shown in Fig. 11 as the applied voltage is at ~3,000 V, at
which the discharge current peaks. The discharge phenomena are very similar to those
described in region A, that is, a Townsend-like discharge; however, this is termed “primary
short” because the period of the discharge is shorter (3—4 ps) and the discharge current is
much larger. This short and large discharge current is mainly caused by the very large rate
of increase of the applied voltage (pulse; from ~ 1,500 to ~3,000 V in less than 1 ps),
which in turn causes the gap voltage to increase in a similar fashion. This rapid increase in
the voltage attracts a large amount of electrons and molecular ions to move very quickly
towards the anode and cathode, respectively (Fig. 8a). This in turn quickly shields the
applied voltage and then after this short current peak the gap voltage remains at an
approximately constant value because the shielding caused by the charge accumulation on
both dielectrics cancels out the increase in applied voltage.

Region D: Secondary Short Townsend-Like Discharge

In region D, a secondary short Townsend-like discharge (~ 1-2 ps) is induced as the
applied voltage rapidly decreases from ~ 3,500 down to ~2,400 V within 1 ps (the gap
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Fig. 11 Snapshots of distribution of typical plasma properties in region C (primary short Townsend like at
V ~3,000 volts) of a helium DBD driven by a distorted-sinusoidal power source (20 kHz)

voltage reverses from 500 to —500 V), which was also experimentally observed by Chiper
et al. [30]. The corresponding maximal current density is ~5 mA/cm?”. Because of the
polarity change in the gap voltage the electrons and ions rapidly accumulate on the
grounded (anode) and powered (cathode) dielectric surfaces, respectively, which reduces
the magnitude of the surface charges on both dielectric surfaces simultaneously, as shown
in Fig. 8a. This in turn reduces the dielectric voltage. In other words, this short secondary
Townsend-like discharge is formed due to the rapid gap voltage reversing. The snapshots
of typical plasma properties are shown in Fig. 12 as the applied voltage is at ~2,300 volts,
at which the negative discharge current peaks. Again, these data show that it is a typical
Townsend-like discharge.

Phase Diagram of Discharge Properties

To elucidate better and have an overview of the helium DBD driven by the distorted-
sinusoidal power source, we next present spatial-temporal phase diagrams of several
important discharge properties. Figures 13, 14 and 15 illustrate the phase diagram of the
electron density, Hej density and electron temperature distribution, respectively, along
with the vertically placed temporal simulated discharge current in the center for better
visualization. As can be seen, in the long Townsend-like discharge region (region A), most
of the electrons are attracted to the anode (powered), while the He; mainly prevails in
most of the region across the gap, especially close to the cathode (grounded). Also, the ions
outnumber the electrons across the gap, except in the region very close to the anode. The
electron temperatures are generally very high, in the order of 7-8 eV close to the cathode
side. In the dark-current-like region (region B), the distributions of the electrons and He;
are very similar, and form a quasi-neutral zone in the center. This quasi-neutral zone moves
from the anode side (powered) towards the cathode side (grounded) at a slow speed of
~ 100 m/s. At the same time, the electron temperatures are nearly zero in the most central
part of the gap, except the narrow regions very close to the two dielectric surfaces. This
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Fig. 12 Snapshots of distribution of a plasma properties in region D (Secondary short Townsend like
discharge at V. ~2,300 volts) of a helium DBD driven by a distorted-sinusoidal power source (20 kHz)

results in the rapid disappearance of excited atomic helium (HeZ;) (shown in Figs. 8c, 10)
and thus almost no fluorescence is emitted. Thus, we term this region the “dark-current-
like” region. After the dark-current region, i.e., in the primary short Townsend-like dis-
charge (region C), similar to region A, the electrons move to the region close to the anode
side (powered), while the ions move to the cathode side (grounded) with a much higher
concentration than in region A. Also, the electron temperatures are much higher in the
region close to the cathode, in the range of 8-10 eV, caused by the very large electric field
in that region. In region D, the secondary short Townsend-like discharge region, the
electrons move to the cathode side (powered) while the ions move to the anode side
(grounded), since the voltage (and the current) is reversed compared with that in regions A
and C. The electron temperatures are also high close to the powered electrode side (anode).
After this region, the discharge repeats the regions A-D, but with the opposite polarity
because of the reversed applied voltage. One interesting thing to notice in Fig. 15 is that
there are two very short regions (less than 0.3 ps; in the early stage of region C and
between regions C and D), in which the electron temperatures are nearly zero across the
gap, except the regions close to the dielectrics. In these two regions, all the data show that
they are also typical “dark-current-like” discharges as described above, although they are
very short in time.

Conclusion

In the present study, we have investigated in detail the non-equilibrium atmospheric-
pressure helium dielectric barrier discharge driven by a realistic distorted-sinusoidal
voltage power source (20 kHz) using a self-consistent one-dimensional fluid modeling
code using LMEA. Two sets of helium plasma chemistry that are often found in the
literature were used to model the helium DBD. The simulated temporal discharged currents
using the complex plasma chemistry are in excellent agreement with the measurements
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Fig. 14 Phase diagram of Hej number density distribution of a helium DBD driven by a distorted-
sinusoidal power source (20 kHz)

obtained in the present study, which validates the fluid present modeling code. This
observation should be attributed to two factors: (1) the use of LMEA in our fluid modeling,
which considers the non-local electron energy transport, instead of LFA like others, and the
inclusion of electron-neutral elastic collision effect, which are especially important in the
APPs and (2) the inclusion of heavy-particle-related and electron—ion-related reactions in
the complex plasma chemistry, which is critical for accurately predicting the helium DBD
because of the slow varying electric field in the range of tens of kilohertz. Based on the
simulations, the helium DBD with a gap of 1 mm in width shows several interesting mode
transitions, which can be classified sequentially into long secondary Townsend-like (region
A), dark current-like (region B), short primary Townsend-like (region C) and short sec-
ondary Townsend-like (region D) discharges, based on the predicted discharged properties.
In addition, the externally supplied electrical power is absorbed mostly by the molecular
helium ions at the driving frequency of 20 kHz, rather than by the electrons as in an RF
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Fig. 15 Phase diagram of electron temperature distribution of a helium DBD driven by a distorted-
sinusoidal power source (20 kHz)

discharge. Further studies varying the frequency, gap distance, dielectric thickness and
dielectric material for helium DBD with oxygen addition driven by a distorted-sinusoidal
voltage AC power source are currently in progress and will be reported in the very near
future.
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