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A one-dimensional (1D) fluid simulation of dual frequency discharge in helium gas at atmospheric pressure is carried
out to investigate the role of the secondary electron emission on the surfaces of the electrodes. In the simulation, electrons,
ions of Het and Hf:zr , metastable atoms of He* and metastable molecules of He’z‘ are included. It is found that the sec-
ondary electron emission coefficient significantly influences plasma density and electric field as well as electron heating
mechanisms and ionization rate. The particle densities increase with increasing SEE coefficient from 0 to 0.3 as well as the
sheath’s electric field and electron source. Moreover, the SEE coefficient also influences the electron heating mechanism
and electron power dissipation in the plasma and both of them increase with increasing SEE coefficient within the range

from O to 0.3 as a result of increasing of electron density.
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1. Introduction

It is difficult to control the plasma density and ion en-
ergy separately in the radio frequency (RF) capacitively cou-
pled plasma (CCP). However, the dual frequency CCP system
is able to achieve separate control of the plasma density and
ion bombarding energy.'=3 The dual frequency CCP system
is extensively applied in many fields of materials. In this kind
of system, one frequency is chosen to be much higher than the
other. The high frequency (HF) source determines the plasma
density, and the ion energy depends on low frequency (LF)
source.[*> Considerable research has been carried out exper-
imentally and theoretically on the dual frequency CCP sys-
tem for the purpose of improving the efficiency of materials
processing.[6-8]

Recently, the dual frequency CCP system has received ex-
tensive attention at atmospheric pressure. Many groups have
begun to study the characteristics of dual frequency discharge
plasmas in many fields to make them attractive for several

[9-121 Waskoening et al.!'?! studied the plasma ion-

purposes.
ization and associated mode transitions in dual-frequency he-
lium discharge at atmospheric pressure. Kim et al.!'3! exper-
imentally studied 13.56 MHz/2 MHz dual frequency in atmo-
spheric pressure corona plasma. Compared with the single
frequency plasmas, the gas temperature was nearly same, and

there were three discharge modes, positive streamer mode of

DOI: 10.1088/1674-1056/28/2/025202

2 MHz, negative glow mode of 2 MHz, and continuous glow
mode of 13.56 MHz. Zhang et al.!'¥ used a numerical method
to study the discharge mode transition and electron heating
mechanism in argon dielectric barrier discharge (DBD) driven
by dual frequency at atmospheric pressure. They found that
the electron energy distribution was effectively modulated by
variation of the ratio of the lower frequency component. Liu
et al.'"! studied the DBD driven by 13.56 MHz/200 kHz dual
frequency at atmospheric pressure. They found the RF elec-
tric field could improve stability and uniformity at the same
time. Despite this research, much of the effects of discharge
parameters and the physic processes remain unknown.

The secondary electron emission (SEE) coefficient is an
important parameter for material processing technology. As
is known to all, the surface properties of materials, a parti-
cle’s incidence angle and energy will influence the SEE coef-
ficient to some extent. Greb et al.!'®! studied the impact of
changing surface conditions including the SEE coefficient on
plasma dynamics and the electron heating. They found that
the surface condition significantly influences the characteris-
tics of plasma. Schulze ef al.¥) studied the secondary elec-
trons in dual frequency capacitive radio frequency discharges.
They reported two fundamentally different types of dual fre-
quency at different secondary yields, 7. Shang et al.!'”! stud-
ied the atmospheric pressure RF glow discharge between two
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coaxial electrodes. They presented that the gas ionization is
strongly influenced by SEE coefficient in ¥ mode. Neverthe-
less SEE coefficient makes no difference to it in the & mode.
Due to an ion’s impact on the electrode surfaces, Barkahoum
et al."® reported that the SEE is a significant factor to de-
scribe the electrical properties in a discharge. Wei e al.!!”)
used a fluid model to study the influence of secondary electron
emission coefficient on dielectric barrier pulsed discharge at
atmospheric pressure. They found both the averaged current
density in the cathode falling region and the averaged current
density in the gap decrease with an increasing SEE coefficient.

In the atmospheric pressure environment, the mechanism
of dual frequency discharge has not been fully understood and
the fundamental studies are performed rarely. The plasma
characteristics depend on the discharge conditions such as
electrode distance, gas pressure, driven source, and so on. To
simulate different surface conditions, the secondary electron
emission coefficient was varied in the model. In some pre-
vious works, simple surface conditions of the electrodes are
chosen and the effect of SEE is neglected in simulations. In
this work, a fluid model including SEE coefficient is used to
gain further insight on their fundamental impact on the char-
acteristics of plasma driven by dual frequency in quantitative

terms.

2. Model

In this paper, the helium plasma is generated in the
parallel-plate electrodes as shown in Fig. 1, where L is the
electrode gap. The left electrode is driven by dual frequency
source (atx =0), and the right electrode is grounded (at x = L).
The fluid model is used to describe the behavior of plasma by a
series of equations including continuity equation, momentum
equation and energy equation. In atmospheric pressure dis-
charge, drift-diffusion approximation is used to describe the
particle flux instead of momentum equation. The electrode gap
is much smaller than the diameter of the electrodes, thus 1D
fluid model is adopted. The reactions as same as our previous
work of Ref. [20] in helium gas discharge are listed in Table 1.
Some assumptions of this model are taken from Ref. [20].

[

Fig. 1. Schematic diagram of the dual-frequency capacitively coupled
plasma reactor.

Table 1. The recantations of helium discharge.

No. Processes Coefficient?) HileV Ref.
1 e+He — He'+2e ky = 2.584 x 107 127,0-68,(-2854092x10%/T) 246 [22]
2 e+He — He*+e ky = 4.2 x 10797031 ¢~ 198/ 19.8 [23]
3 e+He* — Het+2e k3 =1.28 x 1077700478/ e 4.87 [21]
4 Het+2He — Hej +He ks =2.0x 1073 [21]
5 He*+He* — e+ He" +He ks =8.7x 10710 -15 [21]
6 He*+He* — e+ Hel ke =2.03x 1079 [21]
7 e+He) — 2He ks =4.0x107° [21]
8 e+He* — He+e kg =2.9x 1070 -19.8 [23]
9 2He + He* — He + He} ko =13x1073 [23]

Units are cm3/s except for kg which is in cm®/s, The unit of T, is eV except for k; which is in K.

Based on these assumptions the helium discharge can be

described as follows. The continuity equation for particles is

ane,i,* aJe,i,*
ot dx

= Se,i,* ) (1)

where n, J, and S represent density, particle flow density, and
particle source term, respectively. And the subscripts e, i, and
* denote electron, ion, and metastable, respectively. The drift-

diffusion approximation replaces of the momentum equation,

thus the particle fluxes can be written as

e i+
Je,i,* = :F.ue,ine,iE _De,i,* aexl , 2

where p and D are mobility and diffusion coefficient, respec-
tively, whose values come from Refs. [21]{23]. E represents

electric field. The electron energy equation is
ad (3

P
3 <2nekTe) == 5-Ge- eJ.-E— ;HikineN. 3)

On the right-hand side of Eq. (3), g. represents the electron
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thermal flow, the second term is the heating term, and the last

term is the energy loss term.

T, 5

ge = —Kea—x" + kT e, )
3

K. = EkDene. 5

Here k is Boltzmann coefficient. e is elementary charge. K.
is the thermal conductive coefficient. H; denotes the electron
energy loss coefficient for ionization.
The Poisson equation satisfies
9’V e
The electric field derives from
av

E=-2"
ox’

@)
where the & is the vacuum permittivity of free space. The
initial conditions are

ne =ni =n, =10’ cm ™3, (8)

T.=1.0eV, V=0V. )

The boundary conditions are as follows:

Jo = tkene — yi@x =0, L, (10)
av

Jiz—,uini—@x:Q L, (11)
ox

n,=0.@x=0, L, (12)

T. =05eV@x =0, L, (13)

V = Visin(2@ figt) + Ve sin(2nfit)@x =0,  (14)

V=0.@x=L. (15)

Here k; is the electron surface recombination coefficient cal-
culated assuming an electron sticking coefficient of unity, y
is the secondary electron emission coefficient for ions. V =
Vi sin(27 fyt) 4+ Vi sin(2x fL¢) is the external voltage applied
to the left electrode, where the subscripts H and L, respec-
tively, represent the High Frequency (HF) source and Low
Frequency (LF) source. We use an implicit center different
scheme to solve all of the equations mentioned above.

3. Results and discussion

In this simulation model, helium is chosen as work-
ing gas at constant temperature of 300 K. The basic pa-
rameters are the background gas pressure p = 760 Torr
(1 Torr=1.33322x10% Pa) and the electrode distance L =
0.2 cm. The voltage of HF source is Vig = 500 V and the volt-
age of the LF source is Vi, = 300 V. The frequency of the HF
source is fi = 27.12 MHz and the frequency of the LF source

is fi =2 MHz. The simulations are performed at different
values of 7. The secondary electron emission coefficient is
constant for a certain material, based on the experiment and
simulation results,!?>>42%1 we keep Vi constant and the sec-
ondary electron emission coefficients y within the range from
0 to 0.3. Due to the higher value of Vi at p = 760 Torr, the ef-
fective acceleration of secondary electrons inside the sheaths
leads to a divergence in simulation at the highest values of v,
which would correspond to instabilities or arc formation in an
experiment.’! Thus the highest secondary electron emission
investigated is 0.3.

The exactness and suitability of the model was verified by
comparing with experimental results. Figure 2 gives the wave-
forms of applied voltage (solid) and plasma current (dash) in
stable discharge stage during two cycles of low frequency. 71,
is the cycle of low frequency source. Both the applied volt-
age and the plasma current are predominately sinusoidal and
the current leads the voltage by a phase shift of less than 90°,
which are similar to the experimental results of Ref. [27].

600 — applied voltage - -- plasma current

|l“ ,;}I,l 10.10 9

> 400 -‘ Yhay, ny : ! g
> ©
%0 200 F 0.05 i
3 E
5 0f 0 &
2 2
'—‘& —200 1-0.05 g
< _a00 | .'.H AERER E
1 ti' 1-0.10

—600

0 0.4 0.8 1.2 1.6
Cycle (T1)

[\
=)

Fig. 2. The waveforms of applied voltage (solid) and plasma current
(dash), Vg = 600 V, Vi, = 100 V, fiy =27.12 MHz, fi, =2 MHz.

According to our previous results,?”) the main ions in
the atmospheric pressure helium discharge are the Hez+ ions.
Thus, the cycle-averaged spatial distributions of Hezr ion are
shown in Fig. 3(a) at different SEE coefficients in the 2000th
cycle. As the secondary electron emission coefficient increas-
ing from 0 to 0.3, the density of He; ion increases from
4.3 x 102 cm™3 t0 5.7 x 10'> cm™3. The corresponding elec-
tron density is shown in Fig. 3(b). The electron density re-
sembles the density of He; because of the electric neutral-
ity of plasma. It can be clearly seen that the metastable
atom He* density increases as SEE coefficient increasing in
Fig. 3(c).

the plasma/sheath interface, which results in the peaks of

The products of metastables are enhanced near

metastable atom He* density appearing at the same positions
on account of higher electron temperature (see Fig. 4(a)). In
the bulk plasma metastable pooling (RS and R6) and step-wise
ionization (R3) enhance the losses of metastables, from Ta-
ble 1, RS = ksn.n,, R6 = kgn,n,, and R3 = k3nen,.
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Hed density /1012 cm—3

Electron density/10'2 cm~3

He" density/10'* cm—3
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L/cm

Fig. 3. The profiles of cycle-averaged (a) He%’ ion, (b) electron, (c¢)
metastable atom He* with the SEE coefficient of 0, 0.1, 0.2, and 0.3
in the 2000th cycle, respectively. Vg =500 V, Vi, =300 V, fig =
27.12 MHz, f;, = 2 MHz.

The cycle-averaged electron temperature and electric
field spatial distributions with the SEE coefficient of 0, 0.1,
0.2, and 0.3 in 2000th cycles are shown in Fig. 4. There is a
steep gradient near the plasma/sheath interface and the peaks
of electron temperature appear at the same positions. In the
sheath regions, the electron temperature and electric field in-
crease greatly with the SEE coefficient increasing. However,
electron temperature and electric field are almost constant for
all SEE coefficients in the bulk plasma. It can be explained that
additional electrons from the wall are accelerated and multi-
plied in the sheath, which increases the number of high energy
electrons and the efficiency of multiplication in the sheath.
Thus, the sheath becomes smaller and closer to a hard wall
because of a higher plasma density. Since the same amount of

potential is dropped over a smaller distance, the sheath electric

field increases. Although the electron temperature increases
greatly with SEE, the thickness of the sheath region reduces
very slightly. It because that the thickness of sheath is relevant
to density of ions rg o< l/nil/z. We can see from Fig. 3(a) that
the density of ions has changed slightly in the sheath. There-
fore, the thickness of the sheath region reduces slightly.

16 . (a)
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Fig. 4. The profiles of cycle-averaged (a) electron temperature, (b) elec-
tric field under different SEE coefficients Vi = 500 V, Vi, = 300 V,
fit =27.12 MHz, fi =2 MHz.

In low pressure RF discharge, the mechanisms of electron
heating are influenced by SEE coefficient.*3-32! In this work,
we also focus on the mechanisms of electron heating in dual
frequency discharge. Based on the electron energy equation,
the mechanism of electron heating Pc = —eJ. - E, labeled as
Pc, can be written as:

e

Pc = eleneE> + eD.——E, (16)
dx
Pi = eltencE?, (17)
Po= eDe%E. (18)
dx

Here, Py and Pp represent the electron ohmic heating and col-
lisionless heating.[*8311 As a result of the inelastic collisions
between electrons and neutral particle the electron energy dis-
sipation, labeled as A, can be written as

P =—Y HikineN. (19)

The mechanisms of electron heating corresponding to the
2000th cycle in the steady state discharge with different SEE
coefficients are shown in Fig. 5. From Fig. 5(a), we can see
that the collisionless heating is positive or zero in the bulk
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plasma, and it is negative in sheath region. With the SEE coef-
ficient increasing from 0 to 0.3, the peaks of the collisionless
heating Pp increase in sheath, nevertheless in the bulk plasma
the collisionless heating Pp has not changed with all the inves-
tigated SEE coefficients. This is due to the fact that the impor-
tant factor is the gradient in the electron density, a greater in-
crease in electron density always occurs in the sheath edge re-
gion and the flat shape of electron density in bulk plasma. Fig-
ure 5(b) gives the electron ohmic heating with the SEE coeffi-
cient varied from O to 0.3. The electron ohmic heating mecha-
nism is increasing as the SEE coefficient increased. This is
because the electron density increases, which results in the
higher conduction current and higher power absorption. Ob-
viously, the electron ohmic heating is dramatically influenced
by the SEE coefficient. As the SEE coefficient increases, the
electron ohmic heating increases in the whole discharge gap.
Figure 5 demonstrates that the secondary electron coefficient
influence the electron ohmic heating much more than the col-
lisionless heating. Similar results are found in radio frequency
driven capacitively coupled oxygen plasma of Ref. [16], in
which both the electron heating mechanisms exhibit a similar
increasing trend with increasing secondary electron emission
coefficient.

0.15F (a)
0.10}
0.05

0
—0.05
—0.10
—0.15
—0.20
—0.25

Pp/10* kW-m—3
2222

[

cooo

W=

0.10 0.15 0.20

sof (b)

25 A

2.0

1.5}

cooo

1

1

1
Q222

Py/10* kW-m—3

1.0F;

0.5 oo

0 0.05 0.10 0.15 0.20
L/cm

Fig. 5. The cycle-averaged spatial distributions of (a) Pp, (b) Pg with the
SEE coefficient of 0, 0.1, 0.2, and 0.3 in the 2000th cycle. Vi = 500V,
VL =300V, fy =27.12 MHz, f, =2 MHz.

The electron heating Pc corresponding to the 2000th cy-
cle with different electron secondary emission coefficients is
shown in Fig. 6. The electron heating Fc is the sum of the
electron ohmic heating and collisionless heating. Although the
collisionless heating is negative in sheath regions, the electron
heating Pc increases when the SEE coefficient increased due
to the higher ohmic heating mechanism. The electron power

dissipation is also a main mechanism of discharge and accord-
ingly the electron power dissipation is shown in Fig. 6(b). It is
shown that the electron power dissipation increases as the SEE
coefficient increased. This is due to the fact that the electron
density increases as well. The electron temperature Fig. 4(a)
has the similar shape with the electron heating Pc. Both of
them have peaks in the sheath and constant in the bulk. It
because the electron energy depends on electrons absorbing
energy from the electric field. The electrons absorbing en-
ergy from electric field is indicated in the electron heating Pc.
As the SEE increases, the electron density in sheath increases,
which results in the sheath of electric field increasing. Thus,
both the electron heating and the electron temperature increase
in the sheath as shown in Fig. 4(a) and Fig. 6(a). The calcula-
tion of the effects of SEE on Pp, Py, Pc, and B has a similar
tendency to that in low-pressure argon discharge in Ref. [26].
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Fig. 6. The cycle-averaged spatial distributions of (a) Pc, (b) electron
power dissipation for different SEE coefficients in the 2000th cycle.
Vig =500 V, Vi, =300 V, fi; = 27.12 MHz, f;, =2 MHz.

Figure 7 gives the evolution of electron source Se with
different SEE coefficients. The electron source is written as
Se = kineN + kanen, + ksn.n, — k7nenHe2+ according to Ta-
ble 1. We can clearly see that the electron source S, depends
on the SEE coefficient. The electron source S, increases as the
SEE coefficient increases. The larger the SEE coefficient is,
the larger the electron source S. will be. Moreover, the peak
region of electron source Se moves to the electrode when the
SEE coefficient changes. As the SEE coefficient increases, the
sheath thickness decreases, the bulk plasma region enlarges.
Besides, the electrons mainly gain energy from sheath’s elec-
tric field. Consequently the peak of electron source moves as
the SEE coefficient changes.
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electron source S, SEE =0 X1018
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Fig. 7. The evolution of net electron generation with SEE coefficient (a) 0, (b) 0.1, (¢) 0.2, and (d) 0.3. Vi =500V, Vi, =300V,

fu =27.12 MHz, fi, =2 MHz.

4. Conclusion and perspectives

This work studied the effects of secondary electron emis-
sion coefficient on the dual frequency helium plasma discharge
at atmospheric pressure. The results show that the secondary
electrons coefficient has an effect on dual frequency atmo-
spheric pressure helium discharge. It is found that a large
SEE coefficient can produce a higher density plasma as well as
metastable density, sheath electric field, electron temperature
and electron source term. Moreover, the SEE coefficient also
influences the electron heating mechanism and electron power
dissipation in the plasma and both of them increase with in-
creasing SEE coefficient within the range from 0 to 0.3 as a
result of increasing of electron density.
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