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A one-dimensional fluid model is employed to investigate the discharge sustaining mechanisms in the capacitively

coupled argon plasmas, by modulating the driving frequency in the range of 40 kHz—60 MHz. The model incorporates

the density and flux balance of electron and ion, electron energy balance, as well as Poisson’s equation. In our simulation,

the discharge experiences mode transition as the driving frequency increases, from the = regime in which the discharge

is maintained by the secondary electrons emitted from the electrodes under ion bombardment, to the a regime in which

sheath oscillation is responsible for most of the electron heating in the discharge sustaining. The electron density and

electron temperature at the centre of the discharge, as well as the ion flux on the electrode are figured out as a function

of the driving frequency, to confirm the two regimes and transition between them. The effects of gas pressure, secondary

electron emission coefficient and applied voltage on the discharge are also discussed.
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1. Introduction

Capacitively coupled plasma has been widely
used for etching, deposition and other surface treat-
ments in microcircuit manufacturing and material
processing.!! =7 In the plasma enhanced chemical va-
por deposition (PECVD), good understanding of the
discharge properties, in particular the discharge mode,
will assist in controlling and improving the film qual-
ity. Thus, various discharge modes and transitions
between them have attracted much attention in re-
cent years. Based on a theoretical model and some
experimental results, Godyak et al.l3! showed the oc-
currence of an abrupt transition (from « mode to v
mode) in helium radio frequency (RF) discharge for
moderate discharge pressures, as the RF voltage in-
creased from 100 V to 2 kV. The transition into v
mode is accompanied by a sudden increase in the
plasma density and decrease in the electron temper-
Also in this work, the
theoretical model described satisfactorily the exper-

ature of the bulk plasma.

iments in some cases, though a number of simplifying
assumptions were adopted. To give a clear qualita-
tive and quantitative description of this transition, a

self-consistent fluid model was developed by Belenguer
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and Boeuf to analyse the existence of two different
regimes.®) The numerical results were in good agree-
ment with the experimental measurements in Ref. [8]
and the transition was attributed to a change from
Other
types of discharge transitions were also reported. For

self-sustaining to power deposition heating.

example, the transition from stochastic to collisional
electron heating with increasing gas pressure,[!% and
the transition from collisional to collisionless property
(not stochastic heating) of the low-energy electrons as
the low-frequency current increases, calculated by a
particle-in-cell (PIC) simulation method with a Monte
Carlo collision model (MCC).["] Moreover, You et
al.'? studied the power dissipation mode transition,
from ion-dominated to electron-dominated power dis-
sipation, in a capacitively coupled plasma under the
transverse magnetic field effect, with the comparison
of experimental and theoretical results. More recently,
a dissociative 6-mode being intermediate between a-
and v-modes was introduced in experimental stud-
ies on RF capacitive discharge in low-pressure NFg,
SiH,,[13] and SFg.[14

However, despite the widespread investigations on
mode transitions, the details of driving frequency ef-
fects on RF discharge in capacitively coupled plasma
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are not yet well understood. Several recent publica-
tions have dealt with this issue,[!516 but mainly fo-
cus on the characteristics of atmospheric pressure dis-
charge with relatively larger frequencies (> 2 MHz).
Actually, the low radio-frequency plasma, in which
ions have the possibility of obtaining higher energy
within a long discharge cycle,['”8] has also attracted
much attention and already applied in the deposition
of high-quality hydrogenated amorphous carbon (a-
C:H) films and hydrogenated silicon nitride (SiN,:H)
films on Si and glass substrates.!'=2!) Therefore, a
wide range of the driving frequency, from 40 kHz to
60 MHz, is adopted in this work to focus on the basic
discharge properties and mode transition in capaci-
tively coupled plasma.

In this paper, based on a one-dimensional fluid
model, the capacitively coupled Ar discharge for differ-
ent driving frequencies is studied. The characteristics
of plasma density, ion flux and electron temperature
are of particular interest, since better understanding
of them can assist in the design and optimization of
the equipment and the discharge processes, as well as
improving the deposition rate and the film growth in
PECVD. Moreover, the effects of gas pressure, sec-
ondary electron emission coefficient and applied volt-
age on plasma properties are taken into account. The
outline of this article is as follows: in Section 2 the
theoretical model is described in detail, whereas the
simulation results of the discharge mode transition are
presented in Section 3. Conclusions are presented in
Section 4.

2. Theoretical model

In this work, the RF source is applied to the
lower electrode at = 0 with the voltage waveform
of V(z = 0,t) = Vgsin(2n ft) and the upper electrode
located at * = L is grounded. No external block-
ing capacitors are considered because the discharge is
symmetric between two planar electrodes with infinite
radius. As the gas pressure here is set higher than
or equal to 500 mTorr (1 Torr=1.33322 x 10* Pa),
with the assumption of the discharge in local regime,
a one-dimensional fluid model extended from that in
Refs. [22] and [23] is adopted.

The fluid model includes the continuity equation,
momentum balance, electron energy balance coupled
with Poisson’s equation, allowing self-consistent calcu-
lation of the electric field, particle densities and fluxes.

The continuity equations for electrons and positive
ions (Ar™) are

one Ol

ot + Ox = kilVone,

6711‘ 8(77/11%) -
T W

where the electron flux I, is estimated by drift-
diffusion approximation and can be described by

D, 0(n.Ty)

—_— 2
. ox (2)

and n4, ne and Ny, are the ion, electron and neutral gas

Io = —penell —

densities. Moreover, the electron diffusion coefficient
D,, mobility p. and ionization coefficient k; employed
in the model are given in Refs. [23] and [24]. Owing to
bigger ion mass compared with that of electrons, the
momentum equation is introduced to calculate the ion

velocity instead of the drift-diffusion approximation,
Oy ou; eFE
atl + uj 83:1 e Vinli, (3)

where u; and m; are the ion velocity and mass, respec-

tively; vy, is the ion collision frequency with neutrals.
As cold ion fluid model is adopted here, the pressure
gradient term is not taken into account in Eq. (3). The
electric field E and the potential V are calculated self-
consistently from the Poisson’s equation,
2

S u-n), E=-5 (@
where e is the elementary charge and ¢ the permittiv-
ity of free space. Finally, the electron energy balance
is introduced to investigate the electron temperature
TC

0 (3 0qe
— | =nT = —el F —
at(2ne e) + g, = eleE - W, (5)
and the total electron energy flux ¢ is given by
) 5 0T,
e = iTeFe - iDene%~ (6)

The energy loss due to inelastic collisions of electrons
with neutrals can be given by W, = e,k; Nyn,, where
ey = 15.6 eV is the ionization energy for Ar atoms.
Here, there is no energy balance for ions with the as-
sumption of local gas temperature. Since the neutral
gas density N} is much larger than the electron and
ion density, we assume the neutral gas is uniformly
distributed in the discharge room and NV}, can be cal-
culated by the ideal gas state equation

P= kaBTgaSa (7)

where P is the gas pressure, kg the Boltzmann con-
stant and T}.s the neutral gas temperature.
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The boundary conditions used in the fluid model
are similar to those in Refs. [25] and [26]. The electron
flux at the electrodes is given by I, = %vthne(l —-0)—
Ysel '+, where the interaction between electrons and
the wall is taken into account, with the electron reflec-
tion coefficient © = 0.25, the average electron thermal
velocity vy, = /8To/mM, and the positive ion flux
I'y = njui, Yse is the secondary electron emission co-
efficient. The electron energy flux at the electrodes
is defined as ¢, = gTeF e. Moreover, the ion flux and
density at the electrodes are continuous, dn;/dx = 0,
Ou;/0x = 0.

3. Results and discussion

In this section, the calculation results are pre-
sented by using the one-dimensional fluid model,
mainly discussing the influences of the gas pressure,
the secondary electron emission coefficients and the
applied voltage on the plasma discharge properties.
We first set the gas pressure at P = 0.5 Torr, the
RF voltage V; = 300 V and the secondary electron
emission coeflicient ¢ = 0.1. A wide range of the
driving frequencies from 40 kHz to 60 MHz is adopted
in this simulation. The gas temperature and electrode
spacing are kept as T, = 400 K and L = 3.0 cm.
Moreover, 100 grid points are employed in the axis di-
rection, while the time-step At is set at 2.0 x 10712 s.
The discussion given below is based on the conver-
gence of the fluid model, which ensures that the rela-
tive changes of the discharge parameters between two
succeeding RF cycles are less than 1076,

Figure 1 shows the frequency variation profiles of
the electron densities, with the gas pressure P set at
0.5 Torr, 1.0 Torr, and 2.0 Torr.
sities given in the plot refer to those at the centre

The plasma den-

of the discharge, where the density profiles attain lo-
cal maxima. It is clearly shown that there is a min-
imum point for the electron density at the frequency
When
the driving frequency f < 4 MHz (low frequency, LF

of 4 MHz, independent of the gas pressure.

region), the electron density decreases definitely with
the increasing frequency. But as the frequency value
f > 4 MHz (high frequency, HF region), increasing
the driving frequency can lead to the increase of the
electron density.

We can also find similar profile transitions at
4 MHz in Figs. 2 and 4, in which the frequency vari-
ation profiles of the ion flux on the electrode and the
electron temperature at the centre of the discharge,

are displayed, with the same discharge pressure val-
ues as those in Fig. 1. It is clearly seen in Fig. 2 that,
the ion flux first decreases with the frequency and
reaches a minimum value around the driving frequency
of 4 MHz, resulting from the sheath edge shrinking
with the frequency increasing and less ion energy ob-
tained during the flight time in the sheath. The sheath
shrinking with the frequency can be obtained from
Fig. 3, in which the sheath thickness Dy}, variation
with the driving frequency is shown, with the sheath
boundary defined as suggested by Economou et al.[2”]
And then, with the continuous increasing of the fre-
quency after 4 MHz, the ion flux goes up slowly owing
And in Fig. 4, as the

frequency increases, the electron temperature at the

to the plasma density rises.

centre of the discharge experiences a sharp rise in the
LF region and then keeps increasing but more gently

as the driving frequency f > 4 MHz.
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Fig. 1. Variation of the calculated electron density at
the centre of the discharge as a function of the driving
frequency at different gas pressures, as P = 0.5 Torr,
1.0 Torr, and 2.0 Torr, with V¢ = 300 V, Tgas = 400 K,
and vyse = 0.1.
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Fig. 2. Variation of the ion flux on the electrode as a
function of the driving frequency at different gas pressures,
with the same parameters settings as those in Fig. 1.
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Fig. 3. Sheath thickness versus driving frequency at
P = 0.5 Torr, with V4 = 300 V, Tgas = 400 K, and
Yse = 0.1.
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Fig. 4. Variation of the electron temperature at the centre
of the discharge as a function of the driving frequency at
different gas pressures, with the same parameter settings
as those in Fig. 1.

The only reason for such a phenomenon is a
mode transition arising around the driving frequency
f = 4 MHz. In our opinion, at the LF region, due
to higher ion energy on the electrode, more secondary
electrons are definitely emitted from the electrodes un-
der the ion bombardment and mainly responsible for
self-sustaining discharge, which has been qualified as
the v mode. The lower the frequency, the thicker the
sheath, as shown in Fig. 3 and hence a higher plasma
density will be obtained. However, as the driving fre-
quency increases continuously, particularly at the HF
region, the secondaries do produce some ionization,
but not enough, compared with the effect from the
electron impact ionization. The collisions between
electrons and neutrals play a major role in sustain-
ing the plasma at this region. Thus, with the increase
of the driving frequency and RF power, the plasma
density keeps growing, showing properties of the «
mode, in which the plasma density is proportional to
the square of the driving frequency. So, in our cal-
culation in which the driving frequency is concerned

(from 40 kHz to 60 MHz), the discharge experiences a
transition from v to & mode. This simulation result is
in good agreement with the experimental results,*-!
in which it was found that the transition from « to y
mode is accompanied by a sharp drop in the electron
temperature T, and a sharp rise in the plasma density
Ne.

It has also been noticed that the density profiles in
Fig. 1 greatly depend on the gas pressure, in both LF
and HF regions. Since more collisions between elec-
trons and neutrals take place, the plasma densities
become greater as the gas pressure increases. Simi-
lar calculation results can be obtained in Ref. [28], in
which the influence of metastable atoms on the charac-
teristics of capacitively-coupled Ar plasmas is mainly
discussed. Due to the fact of the ion density, the ion
flux in Fig. 2 increases sharply with the increase of gas
pressure, particularly in the LF region, about one or-
der of magnitude. On the other hand, because of the
collision effect, electrons lose more energy with the in-
crease of gas pressure at the HF region characterized
as the a mode discharge, as shown in Fig. 4. How-
ever, at the LF region referred to as the v mode, in
which the electrons gain energy from secondary elec-
tron emission and sheath transport, rather than col-
lisions, the electron energy shows less sensitive to the
gas pressure.

In order to confirm the above discussion, the effect
of the value of the secondary emission coefficient 7 is
studied in Figs. 5(a) and 5(b), in which the frequency
variation profiles of the electron densities are shown,
with the secondary electron emission coefficient g, set
at five different values, while the gas pressure and the
voltage are fixed. We can see from Fig. 5(a) that the
electron density increases definitely with the increas-
ing of secondary electron emission coefficient, in the
LF region and near the transition point. Few increases
can be observed in the HF region, particularly when
the frequency is higher than 13.56 MHz.
can conclude that the discharge surely experiences a

Thus, we

mode transition with the increasing of the driving fre-
quency as we have discussed. Moreover, the frequency
value corresponding to the transition point moves to
a higher frequency region with the increase of the sec-
ondary electron emission coefficient. This result sug-
gests the truth to us that more electrons emitted from
the electrodes can take responsibilities for discharge
maintenance compared with the electron impact ion-
ization and delay the discharge mode transition from
v to a. We can also study the transition process much
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clearly from Fig. 5(b), in which the driving frequency
region we focus is reduced to that from 40 kHz to
6 MHz. In particular, it is noticed from this figure
that, when the secondary electron emission coefficient
is set at zero, the plasma density falls sharply to zero
and the discharge cannot be sustained without the sec-

ondary electron emission, as the frequency is less than
2 MHz.
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Fig. 5. Variation of the calculated electron density at
the centre of the discharge as a function of the driv-
ing frequency, for different secondary electron emission
coefficients, as vse = 0, 0.01, 0.05, 0.1, and 0.2, with
P = 0.5 Torr, V; = 300 V, and Tgas = 400 K, particularly
for different regions of driving frequencies: (a) 40 kHz—60
MHz and (b) 40 kHz—6 MHz.

In Fig. 6, the frequency variation profiles of the
electron densities at the centre of the plasma are
shown, with the applied voltage V; set at 300 V, 500 V,
and 600 V. It can be noticed that the plasma density
and the ion flux at the electrode increase definitely
with the increasing of the applied voltage, as shown in
Figs. 6 and 7, respectively. It is also observed in Fig. 7
that the transition frequency which corresponds to the
minimum value of ion flux moves to higher frequency
region with the increasing of applied voltage. This can
be explained by the fact that, as increasing the volt-
age, the effect of the secondary electron heating can
be enhanced. Note that, in the LF region, the electron

density increases more distinctly with the increasing of
applied voltage, suggesting us that the applied voltage
has much greater impact on the secondary electron
sustaining. Hence, with low frequencies drived in the
discharge, the electron energy is more sensitive to the
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Fig. 6. Variation of the calculated electron density at the
centre of the discharge as a function of the driving fre-
quency, for different voltages, as Vy = 300 V, 500 V, and
600 V, with P = 0.5 Torr, Tgas = 400 K, and yse = 0.1.
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Fig. 7. Variation of the ion flux on the electrode as a
function of the driving frequency, for different voltages,
with the same parameter settings as those in Fig. 6.
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Fig. 8. Variation of the electron temperature at the cen-
tre of the discharge as a function of the driving frequency
for different voltages, with the same parameter settings as
those in Fig. 6. Note that the driving frequency is plotted
on logarithmic coordinates.
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increasing of the applied voltage than that in the HF
region, as shown in Fig. 8, in which the driving fre-
quency is plotted on logarithmic coordinates.

4. Concluding remarks

In summary, by using a self-consistent one-
dimensional fluid model, we have studied the role of
the driving frequency on the discharge regimes in the
capacitively coupled argon plasmas. The simulation
results show a mode transition from secondary elec-
tron heating to electron collision heating as the driv-
ing frequency increases from 40 kHz to 60 MHz. The
effects of the gas pressure, secondary electron emission
coeflicient and applied voltage on the plasma density,
ion flux and electron temperature are also discussed.

the self-
sustaining and power-deposition mechanisms are quite

As the simulation results showed,

different for thr LF and HF region, which can be char-
acterized as two regimes. In the LF region, charac-
terized as the v mode, the electron density declines
rapidly accompanied by a sharp rise in the electron
temperature as the frequency increases, suggesting
less secondary electrons emitted from the electrode
due to the decrease of sheath thickness and poten-
tial drop. On the other hand, in the high frequency
region, defined as the o mode, the plasma density
increases relatively slowly with the RF frequency, in
agreement with the Townsend discharge property. In
particular, without secondary electron emission, the
discharge cannot even sustain in the frequency range
of 40 kHz and 2 MHz. In the future work, we will
extend our model to the case of two-dimensional fluid
model and consider more about the detailed discharge

process with different discharge parameters.
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