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Effect of driving frequency on electron heating in capacitively
coupled RF argon glow discharges at low pressure*
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A one-dimensional (1D) fluid model on capacitively coupled radio frequency (RF) argon glow discharge between
parallel-plates electrodes at low pressure is established to test the effect of the driving frequency on electron heating. The
model is solved numerically by a finite difference method. The numerical results show that the discharge process may be
divided into three stages: the growing rapidly stage, the growing slowly stage, and the steady stage. In the steady stage,
the maximal electron density increases as the driving frequency increases. The results show that the discharge region has
three parts: the powered electrode sheath region, the bulk plasma region and the grounded electrode sheath region. In the
growing rapidly stage (at 18 ps), the results of the cycle-averaged electric field, electron temperature, electron density, and
electric potentials for the driving frequencies of 3.39, 6.78, 13.56, and 27.12 MHz are compared, respectively. Furthermore,
the results of cycle-averaged electron pressure cooling, electron ohmic heating, electron heating, and electron energy loss
for the driving frequencies of 3.39, 6.78, 13.56, and 27.12 MHz are discussed, respectively. It is also found that the effect
of the cycle-averaged electron pressure cooling on the electrons is to “cool” the electrons; the effect of the electron ohmic
heating on the electrons is always to “heat” the electrons; the effect of the cycle-averaged electron ohmic heating on the
electrons is stronger than the effect of the cycle-averaged electron pressure cooling on the electrons in the discharge region
except in the regions near the electrodes. Therefore, the effect of the cycle-averaged electron heating on the electrons is
to “heat” the electrons in the discharge region except in the regions near the electrodes. However, in the regions near the
electrodes, the effect of the cycle-averaged electron heating on the electron is to “cool” the electrons. Finally, the space
distributions of the electron pressure cooling the electron ohmic heating and the electron heating at 1/47,2/4T, 3 /4T, and
4 /4T in one RF-cycle are presented and compared.
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1. Introduction

Capacitively coupled radio frequency (RF) glow dis-
charge at low pressure can generate low temperature plasmas
easily. The plasmas, which usually are called capacitively cou-
pled plasmas or CCPs in short, have been widely used in many
fields, such as microelectronics, materials processing, metal-
lurgy, and biology. In order to improve efficiencies of all these
applications, it is very important to understand the generating
mechanism and physical characteristics of the plasmas.

In the past decades, many research studies of CCPs have
been conducted both theoretically and experimentally.!'~10]
Makabe et al.
charge in argon at 13.56 MHz by modeling and diagnostics.!!
Richards et al.

tinuum modeling.!”) Kushner examined the electron proper-

investigated the structure of RF glow dis-
studied argon RF glow discharges by con-
ties in parallel plate capacitively coupled RF discharges by

Monte—Carlo simulation.!®) Meyyappen and Govindan gave
a fluid model for RF discharge simulation.!”! Lymberopoulos
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and Economou investigated the effect of the metastable atoms
on the RF glow discharge in argon by fluid simulation.[3! They
also developed a PIC/dynamic MC model to study the spa-
tiotemporal electron dynamics in RF glow discharges. "]

For CCP from RF glow discharge, the driving frequency
is a very important operating parameter. Thus, many research
efforts have been devoted to the driving frequency.!! =2 The
modeling can be performed by using fluid, kinetic, or hybrid
models. Nakano and Makabe investigated the effect of driv-
ing frequency on the structure of RF discharge by the relax-
ation continuum model in a narrow-gap reactive-ion etcher
with parallel-plate geometry in SFg for driving frequencies
ranging from 100 kHz to 13.56 MHz.['3! They found that
the electron and ion densities increased as the driving fre-
quency increased, however, the sheath width and ion energy
decreased with increasing the driving frequency because of a
decrease in the magnitude of the dc bias. Segawa et al. an-
alyzed the CCPs between parallel plates in CF4 as a function
of the driving frequency between 13.56 and 200 MHz for 50

*Project supported by the National Natural Science Foundation of China (Grant No. 51172101).

fCorresponding author. E-mail: liuyue@dlut.edu.cn
© 2017 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

115201-1


http://dx.doi.org/10.1088/1674-1056/26/11/115201
mailto:liuyue@dlut.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 26, No. 11 (2017) 115201

and 200 mTorr by using a fluid model.!'%! They found that the
sustaining mechanism and spatiotemporal structure depend on
the driving frequency and the mean energy of ions. Also, they
found that the degree of electro-negativity strongly depends
on the pressure and the electro-negativity becomes weaker at
low pressure. Colgan et al. used self-consistent fluid equa-
tions to study electrical characteristics of argon discharges at
frequencies varying between 13.56 and 54.4 MHz.l'”! They
found that electron density scales with the square of driving
frequency at constant pressure and applied voltage. Vahedi et
al.!"8) explained the influences of different frequencies by pre-
senting the two-dimensional (2D) results based on direct im-
plicit PIC/MC simulation for capacitive argon RF discharge,
as being due to the fact that as the driving frequency increases,
the sheath width decreases, and the bulk plasma becomes more
uniform. The effects of single and dual driving frequency on
glow discharges were also studied.??!

In a gas discharge, the electrons obtain energy from the
electric field and then they are ionized. Therefore, the electron
heating mechanism plays an important role in the process of
the gas discharge. The electron heating in low pressure dis-
charge has been investigated by using different models.[?!-33]
Surendra and Graves used particle-in-cell simulations to study
the structure of RF glow discharge in pure helium between
parallel plate electrodes as well as the ohmic heating.>!] They
found that in the absence of secondary electron emission, elec-
tron heating in both the sheath regions of the discharge is en-
hanced at higher voltages compared with ohmic heating in
the bulk of the plasma. Kawamura et al. investigated the
stochastic heating phenomena in single and dual frequency
capacitive discharges.??) They found that for a uniform fixed-
ion discharge, in which the ions are assumed to have a uni-
form density profile, there is no stochastic heating as ex-
pected. Zhu et al. experimentally investigated the RF power
distribution between the electron heating and the ion accel-
eration by measuring the electron densities and ion energies
for different RF driving frequencies (13.56, 27.12, 60, and
156 MHz). They used an inhomogeneous model accounting
for different heating mechanisms to compare with the exper-

1251 Graves used fluid model simulations of a

imental results.
13.56 MHz RF discharge to study the time and space depen-
dence of rate of electron impact excitation.*®! He found that
the electron heating by the RF field peaks at both the sheath
regions boundary, resulting in a local rise in electron mean en-
ergy there. Nitschke and Graves studied period-averaged elec-
tron heating with PIC model and fluid model. They found a
difference below 100 mTorr, i.e., in the period-averaged elec-
tron heating, the discharge properties predicted by different
models are different. They estimated that the electron power
input can be improved in the fluid simulation by including an
analytic expression for stochastic heating in the electron en-

ergy balance equation.’! Recently, Liu ef al. used a fluid
model to study the effect of the secondary electron emission
on the discharge characteristics in a low pressure capacitive RF
argon discharge.**! They found that when the secondary elec-
tron emission coefficient varies from 0.01 to 0.3, the electron
net power absorption and the electron heating rate have differ-
ent degrees of enhancement and the electron heating mainly
takes place in both sheath regions. Lafleur er al. revisited
the problem of electron heating in CCPs, and they proposed
a method of quantifying the levels of collisionless and colli-
sional heating in plasma. 3!

The effect of the driving frequency on the electron heating
in capacitive RF glow discharge at low pressure is a very im-
portant physical problem but it is still not clear. In this work,
we focus on this effect by means of a numerical simulation.
For this aim, a fluid model of the CCPs is established and nu-
merically solved to obtain the numerical results for the driv-
ing frequencies of 3.39, 6.78, 13.56 and 27.12 MHz. Analyz-
ing these results, we can draw some conclusions. This paper
presents a foundational study on CCPs. The rest of this paper
is organized as below. In Section 2, we establish a model. In
Section 3 we discuss the results of argon glow discharges for
the cases of four different frequencies. Finally, we draw some
conclusions from the present study in Section 4.

2. Model

Considering an RF low pressure glow discharge between
two parallel-plates. When the electric potential difference
between the electrodes reaches a certain value, the gas dis-
charge will take place between the electrodes, thus generating
a plasma. The plasma can be described by using a fluid model.
Although the sizes of the electrodes are much larger than the
gap between the electrodes, a one-dimensional (1D) model can
be used.

In the plasma generated in the capacitively coupled RF
argon glow discharge at low pressure, the particle species are
electron (e), argon atom (Ar), and argon ion (Ar™"), and among
them takes place the following reaction: e+ Ar — Ar™ -+ 2e.

Thus, the density of the ions satisfies/3-*]
8ni 8]1
—+—=3S; 1
ot + ox M
the density of the electrons satisfies
on. dJ.
— 4+ = =3S. 2
o " ox @

The ion flux and electron flux in the drift-diffusion approxi-
mation are expressed as

5= D25 ¢ pniE, 3)
ox
an,

Je = _DeTe — HeneE, )
X
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where D; and D, are the ion and electron diffusion coefficient,
respectively; y; and U are the ion and electron mobility, re-
spectively. The source term can be read as

S = kinpne, &)

where n, is the density of neutral atoms of the gas. It can be
written as 1, = 3.22 x 106 p (cm™3), with p being the pres-
sure of the neutral gas. Equation (5) means that in the source
term, only the is considered. For the argon discharge, the ion-
ization rate can be written as

ky = kipexp (—E1/Te) (6)

where T; is the electron temperature in units of eV. The elec-
tron energy balance is evaluated from

d (3 _ dqe

E (ZnekTe> = - Ox +FP.— A, @)
aT. 5

de = _Ke ax + ikn-]m (8)

Ke = SkDone. ©)

P. = —eJ.E, (10)

P = HiS, (11)

where g is the conductive heat flux of electron energy, K.
is the thermal conductive coefficient, P is the electron heat-
ing coming from the electron current coupled with the electric
field as seen in Eq. (10), and P, describes the electron energy
loss due to the ionization as seen in Eq. (11). For the electron
heating coming from the electron current, it has two parts, i.e.,
the electron cooling coming from the electron pressure and the
electron heating coming from the ohmic heating. That is,

Py = eplenc E>. (14)

In this work, F, is called the electron pressure cooling, B, the
electron ohmic heating, and P, the electron heating. The elec-
tric field satisfies

AV e

= (m—

92 T m (15

ne)v

E=— (16)

ox’
where e is the elementary charge and & is the vacuum permit-

tivity of free space.
In this work, the initial conditions are as follows:

xX\2 /x\?2
ni:ne:ng{s—l—m(l—d) (d)}’
Te:Teh V:07 OS-de

The boundary conditions are as follows:

at x = 0 (on the powered electrode):[3-34]

Ji=wnik, Jo=—ksne —yJ;,

T. =Ty, V =Vasin(2nft);
at x = d (on the grounded electrode): [8-3
Ji:“iniEv Je:ksne*YJi» Te = ebs V:Oa

where ¥ and k; are the secondary electron emission coefficient
and electron recombination coefficient, respectively.

3. Results and discussion

The model mentioned in the above section is numerically
solved by a finite difference method. In calculating, the pa-
rameter values are shown in Table 1.

Pc:Pp“"Hn (12) L.
To analyze the effect of the driving frequency on the
where plasma characteristics in the argon glow discharge, the simula-
on tions are carried out for the cases of four different frequencies;
c .
B = eDe—ax E, (13)  thatis, f=3.39, 6.78, 13.56, and 27.12 MHz.
Table 1. Parameters used in the numerical simulation.
Name symbol value Ref.
Electron diffusivity nnDe 3.86x 1022 cm~!s~! [8], [34]
Electron mobility T e 9.66 x 102! V-l.em™1.s7! [81, [34]
Ton diffusivity nnD; 2.07 x 1018 cm 157! [81, [34]
Ton mobility Mol 4.65x 10 v-l.cm=l.s~! [8], [34]
Electron recombination coefficient ks 1.19x 107 cm-s~! [8], [34]
Tonization factor kio 1.235x 1077 ecm3-s~! [8], [34]
Activation energy Er 18.687 eV [34]
Electron energy-loss coefficient H; 15.7eV [8], [34]
Gas pressure P 1 Torr
Gap between the electrodes d 2.5cm
Peak RF voltage Va 100 V
Electron temperature at the electrodes Tep 0.5eV
Secondary electron emission b4 0.01
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Figure 1 shows the time evolutions of the maximal elec-
tron densities for the driving frequencies of 3.39, 6.78, 13.56,
and 27.12 MHz. The results indicate that the maximal electron
densities all increase monotonically as the driving frequency
increases. It is found that the evolutions of the maximal elec-
tron densities each have three stages. In the first stage, i.e., in
a time range from 0 to 20 us, the electron densities are smaller
and increase rapidly. It can be called growing rapidly stage. In
the second stage, i.e., in a time range from 20 ps to 120 ps,
the electron densities become larger and increase slowly. It
can be called growing slowly stage. In the third stage, i.e., af-
ter 120 us, the electron densities reach their steady states and
their values are 6.20699x 107, 2.17211x10'?, 7.26788x 10'°,
and 2.30745x 10! cm~3 at the driving frequencies 3.39, 6.78,
13.56, and 27.12 MHz, respectively. It can be called steady
stage.

growing rapidly stage

/ growing slowly stage

100

1071 L

/ — f=339MHs |
03¢ | f= 6.78 MHz :tggey-
—— f=13.56 MHz
f=27.12 MHz
1 —4 1 L
5 50 100 150

Maximal of electron density/10'? cm~3

Time/ps

Fig. 1. (color online) Evolutions of the maximal electron densities at
driving frequencies of 3.39, 6.78, 13.56, and 27.12 MHz.

Figures 2(a)-2(d) show the cycle-averaged electric fields,
electron temperatures, electron densities, and electric poten-
tials are at the steady stage for the driving frequencies of 3.39,
6.78, 13.56, and 27.12 MHz, respectively. The cycle-averaged
electric fields between the electrodes at the steady stage are
given in Fig. 2(a). The results show that the discharge region
has three parts. The first part is the left part of the discharge
region and it can be called the powered electrode sheath re-
gion. In this region, the electric field is negative. The sec-
ond part is the right part of the discharge region and it can be
called the grounded electrode sheath region. In this region,
the electric field is positive. The third part is the middle part
of the discharge region and it can be called the bulk plasma
region. In this region, the electric field is almost zero (i.e.,
~ 0.05 V/cm). In each of the powered electrode sheath re-
gion and the grounded electrode sheath region, the width of
the sheath decreases as the driving frequency increases and
the absolute value of the electric field becomes stronger when
the position is close to the electrode. The maximum elec-
tric field changes from 153 V/cm at 3.39 MHz to 420 V/em

at 27.12 MHz. The cycle-averaged electron temperatures are
plotted in Fig. 2(b). In the bulk plasma region, the electron
temperature changes a little, while increasing the driving fre-
quency is almost constant (~ 1.5 eV). There are two peaks in
the powered electrode sheath region and also in the grounded
electrode sheath region. The two peaks rise as the driving fre-
quency increases and change from 4.2 eV to 5.3 eV as the
driving frequency increases from 3.39 to 27.12 MHz. Also, it
is observed the two peaks are closer to the electrodes, respec-
tively. The spatial distributions of the cycle-averaged electron
density at the steady stage are presented in Fig. 2(c). The re-
sults show that the electron densities increase as the driving
frequency increases. In the bulk plasma region, the electron
densities grow largely as the driving frequency increases. In
the powered electrode sheath region and the grounded elec-
trode sheath region, the electron densities increase slightly
with increasing driving frequency. The cycle-averaged elec-
tric potentials are shown in Fig. 2(d). In the whole discharge
region, it is clear that the potentials increase with increasing
driving frequency. In the bulk plasma region, the electric po-
tentials change a little (between 55 V and 60 V) at the driving
frequencies of 3.39, 6.78, 13.56, and 27.12 MHz. In the pow-
ered electrode sheath region and the grounded electrode sheath
region, the electric potentials change from 0 to more than 50 V
for all the driving frequencies.

It is most important to study the electron energy transfer-
ring mechanism in the rapid growing stage. From Fig. 1, the
rapid growing stage is in a time range from O to 20 us. So,
we give the cycle-averaged spatial distributions of the elec-
tron pressure cooling, the electron ohmic heating, the electron
heating and the electron energy loss for driving frequencies of
3.39,6.78, 13.56, and 27.12 MHz, at 18 ps as shown in Fig. 3.
The electron pressure cooling can be calculated from Eq. (13).
From Fig. 3(a), it can be seen that in the bulk plasma region,
as the driving frequency goes from 3.39 to 27.12 MHz, the
electron pressure cooling is almost zero. Also it can be seen
that there are two highly negative peaks of the electron pres-
sure cooling in the two sheath regions and these peaks increase
negatively as the driving frequency increases. This indicates
that the electron pressure cooling mainly occurs in each of
the sheath regions. In the powered electrode sheath region the
electric field is non-uniform, typically from 0 to negative sev-
eral hundred V/cm, and the gradient of the electron density is
typically highly positive. Therefore, from Eq. (13), in the pow-
ered electrode sheath region, the electron pressure cooling is
negative. It means that in the powered electrode sheath region,
electron pressure cooling cools the electrons. In the grounded
electrode sheath region, the electric field is non-uniform, typ-
ically from O to several hundred V/cm and the gradient of
the electron density is typically highly negative. Hence, from
Eq. (13), in the grounded electrode sheath region, the electron
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pressure cooling is negative. It means that in the grounded  cooling takes place mainly in each sheath region and the elec-
electrode sheath region, electron pressure cooling also cools  tron pressure cooling is strongly negative as the driving fre-
the electrons. These results indicate that the electron pressure  quency increases.
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Fig. 2. (color online) Cycle-averaged spatial distributions of (a) electric fields, (b) electron temperatures, (c) electron densities, (d) electric
potentials in steady stage at driving frequencies of 3.39, 6.78, 13.56, and 27.12 MHz, respectively.
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Fig. 3. (color online) Cycle-averaged spatial distributions of (a) electron pressure cooling, (b) electron ohmic heating, (c) electron
heating, and (d) electron energy loss at 18 ps for driving frequencies of 3.39, 6.78, 13.56, and 27.12 MHz, respectively.
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The electron ohmic heating can be calculated from
Eq. (14) and the results are shown in Fig. 3(b). The cycle-
averaged electron ohmic heating increases as the driving fre-
The results
indicate that in the bulk plasma region, the ohmic heat-
ing changes from 2.8628x 107 to 0.604681x 10~ W-cm~3,
which is small, as the driving frequency changes from 3.39

quency increases from 3.39 to 27.12 MHz.

to 27.12 MHz. 1t is clear that there are two positive peaks
of the electron ohmic heating in both sheath regions. In
the powered electrode sheath region, the peak increases from
0.10972x107% W-cm™ at 0.35 cm to 0.603778 W-cm™3
at 0.12 cm as the driving frequency increases from 3.39 to
27.12 MHz. In the grounded electrode sheath region, the
peak increases from 0.1099x1072 W-cm™> at 2.15 cm to
0.610060 W-cm™> at 2.38 cm as the driving frequency in-
creases from 3.39 to 27.12 MHz. The results indicate that the
discharge looks symmetric but it is geometrically asymmetric.
The peak values of the electron ohmic heating in the grounded
electrode sheath region are greater than those in the powered
electrode sheath region. The electron ohmic heating in each of
the two sheath regions is large because a large number of elec-
trons are accelerated by the electric fields in the sheath regions
compared with in the bulk plasma region.

Figure 3(c) shows the cycle-averaged space distributions
of the electron heating, which is composed of the electron
pressure cooling and the electron ohmic heating as defined by
Eq. (12). The electron heating in the bulk plasma region is pos-
itive and increases from 2.195 x 1073 to 1.276 W/cm? as the
driving frequency increases from 3.39 to 27.12 MHz. In each
of the two sheath regions, the electron heating is positive and
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increases as the driving frequency increases, except the region
near the electrodes where the electron heating takes a negative
value. In each of the regions near the electrodes, the electron
heating is negative and decreases when the driving frequency
increases. The negative electron heating occurs in each of the
regions near the electrodes and can be thought of as “diffusion
cooling” since electrons diffuse against the local field in each
of the regions.

Figure 3(d) shows the variations of cycle-averaged elec-
tron energy losses as the driving frequency changes from 3.39
to 27.12 MHz. The cycle-averaged electron energy losses oc-
cur in all the discharge regions, and have two peaks in the two
sheath regions. As the driving frequency increases, the elec-
tron loses its energy rapidly. It is known that the electrons lose
their energies as a result of the inelastic collisions between
particles and electrons. The electrons gain energies from the
electric field and dissipate them by electrons colliding with
neutral particles. In particular, the inelastic collisions occur
in each sheath region where electron temperature and electric
field are large compared with those in the bulk plasma region.
The electron energy loss P, = HiS = Hinpnekipexp (—Ei/Te)
depends exponentially on electron temperature but linearly on
electron density as given in Egs. (5), (6), and (11). This depen-
dence is illustrated in Fig. 3(d). It can be seen that in the bulk
plasma region, as the driving frequency increases from 3.39 to
27.12 MHz, the electron energy loss increases greatly. Also
it can be seen that there are two peaks of the electron energy
loss in the two sheath regions and these peaks increase as the

driving frequency increases.
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Fig. 4. (color online) Spatial distributions of electron pressure cooling for driving frequencies of (a) 3.39 MHz in the 100th cycle, (b) 6.78 MHz
in the 200th cycle, (c) 13.56 MHz in the 400th cycle, and (d) 27.12 MHz in the 800th cycle, at times of 1/4T,2/4T, 3/4T, and 4/4T.
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The spatial distributions of the electron pressure cooling
with the driving frequency 3.39 MHz in the 100th RF cycle,
6.78 MHz in the 200th RF cycle, 13.56 MHz in the 400th RF
cycle, and 27.12 MHz in the 800th RF cycle at times r = 1 /4T,
2/4T, 3/4T, and 4/4T are plotted in Fig. 4. The results
show that at the four times for the four driving frequencies, in
the discharge region the electron pressure cooling is negative.
This means that the electron pressure cooling always cools
the electrons. For the four driving frequencies, at the time
t = 1/4T, in the powered electrode sheath region, there is a
negative peak of the electron pressure cooling; in the grounded
electrode sheath region, there is a higher negative peak of the
electron pressure cooling; in the bulk plasma region, the elec-
tron pressure cooling is negative and almost zero. For the four
driving frequencies, at the time ¢t = 2 /4T, both in the powered
electrode sheath region and in the grounded electrode sheath
region there is a negative peak of the electron pressure cooling
and the two peaks that are mutually the mirror images; in the
bulk plasma region, the electron pressure cooling is almost the
same one at time ¢ = 1/4T. For the four driving frequencies,
at time ¢ = 3 /4T, the electron pressure cooling is just a mirror-
imaged one at time r = 1/4T. For the four driving frequencies,
at time ¢ = 4 /4T, the electron pressure cooling is almost the
same as the one at time t = 2/4T. As the driving frequency
increases, the electron pressure cooling increases negatively.

The spatial distributions of the electron ohmic heating
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with the driving frequencies of 3.39 MHz in the 100th RF
cycle, 6.78 MHz in the 200th RF cycle, 13.56 MHz in the
400th RF cycle, and 27.12 MHz in the 800th RF cycle at times
t =1/4T, 2/AT, 3/4T, and 4/4T are plotted in Fig. 5. The
results show that at the four times for the four driving frequen-
cies, in each case the electron ohmic heating in the discharge
region is positive. This means that the electron ohmic heating
always heats the electrons. For the four driving frequencies,
at the time ¢ = 1/4T, in the powered electrode sheath region,
there is a peak of the electron ohmic heating; in the grounded
electrode sheath region, there is a higher peak of the electron
ohmic heating; in the bulk plasma region, the electron ohmic
heating is positive and but very small. For the four driving
frequencies, at the time ¢ = 2/4T, both in the powered elec-
trode sheath region and in the grounded electrode sheath re-
gion, there is a peak of the electron ohmic heating and the peak
in the powered electrode sheath region is higher than the peak
in the grounded electrode sheath region; in the bulk plasma
region, the electron ohmic heating is almost the same as one
at the time ¢ = 1/4T. For the four driving frequencies, at time
t =3 /4T, the electron ohmic heating is just the mirror-imaged
one at time ¢ = 1/4T. For the four driving frequencies, at time
t = 4/4T, the electron ohmic heating is almost the same as
one at time t = 2/4T. As the driving frequency increases, the

electron ohmic heating increases.
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Fig. 5. (color online) Spatial distributions of electron ohmic heating for driving frequencies of (a) 3.39 MHz in the 100th cycle, (b) 6.78 MHz
in the 200th cycle, (c) 13.56 MHz in the 400th cycle, and (d) 27.12 MHz in the 800th cycle, at times of 1/4T,2/4T, 3/4T, and 4/4T.

The spatial distributions of the electron heating with
the driving frequencies of 3.39 MHz in the 100th RF cycle,
6.78 MHz in the 200th RF cycle, 13.56 MHz in the 400th
RF cycle, and 27.12 MHz in the 800th RF cycle at times

t =1/4T, 2/4T, 3/4T, and 4/4T are plotted in Fig. 6. For
the four driving frequencies, at the time r = 1/4T, in the re-
gion 0 < x < d/2, the electron heating is negative; in the re-

gion d/2 < x < d, the electron heating is positive and there
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is a peak of the electron heating. This means that at the time
t = 1/4T, in the region 0 < x < d/2 , the electron heating
cools the electrons, and in the region d/2 < x < d, the elec-
tron heating heats the electrons. For the four driving frequen-
cies, at time ¢ = 2/4T, in the region 0 < x < d/2, the electron
heating is positive and there is a higher peak of the electron
heating; in the region d/2 < x < d, the electron heating is
negative and there is a higher negative peak of the electron
heating. This means that at the time ¢ = 2/4T, in the region
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0 <x <d/2, the electron heating heats the electrons, and in the
region d/2 < x < d, the electron heating cools the electrons.
For the four driving frequencies, at time ¢ = 3 /4T, the electron
heating is just the mirror-imaged one at time ¢ = 1/4T. For the
four driving frequencies, at time t = 4/4T, the electron heating
is almost the same as the one at time = 2/4T. As the driving
frequency increases, the electron heating increases negatively

or positively.
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Fig. 6. (color online) Spatial distributions of electron heating with driving frequencies of (a) 3.39 MHz in the 100th cycle, (b) 6.78 MHz
in the 200th cycle, (¢) 13.56 MHz in the 400th cycle, and (d) 27.12 MHz in the 800th cycle, at times of 1/4T,2/4T,3/4T, and 4/4T.

4. Conclusions

A 1D fluid model for a capacitive RF argon discharge at
low pressure is established to study the effect of the driving
frequency on electron heating. The numerical results of the
evolutions of the discharge process are obtained. The results
show that the discharge process has three stages: the growing
rapidly stage, the growing slowly stage and the steady stage.
In the steady stage, the maximal electron density increases as
the driving frequency increases. Also, the results of the cycle-
averaged electric field, electron temperature, electron density
and electric potential for the driving frequencies of 3.39, 6.78,
13.56, and 27.12 MHz are compared. The results show that
the discharge region has three parts: the powered electrode
sheath region, the bulk plasma region, and the grounded elec-
trode sheath region. The width of the sheath regions decreases
as driving frequency increases. At 18 us, the cycle-averaged
electron pressure cooling, electron ohmic heating, electron
heating and electron energy loss for the driving frequencies of
3.39, 6.78, 13.56, and 27.12 MHz are compared. The results
indicate that the electron pressure cooling cools the electrons

and the electron ohmic heating heats the electrons, the elec-
tron heating heats the electrons in the discharge region except
in the regions near the electrodes. The heating (cooling) effect
increases as the driving frequency increases. Furthermore, the
results of the electron pressure cooling, electron ohmic heating
and electron heating, for the driving frequencies of 3.39 MHz
in the 100th cycle, 6.78 MHz in the 200th cycle,13.56 MHz
in the 400th cycle, and 27.12 MHz in the 800th cycle, at four
times in one RF-cycle: 1/4T,2/4T, 3 /4T, and 4/4T are com-
pared. It is found that the electron heating has the heating and
cooling effect on the electrons alternatively in one cycle.
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