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The transition between different regimes of a capacitevely coupled radio-frequency gas discharge in
methane is studied with a combined particle-in-cell Monte Carlo collision algorithm over a wide range
of gas pressure P and discharge current j. The results of this study are compared with known
experimental and numerical results and summarized on a P-j phase diagram, which constitutes the

areas of existence of different discharge regimes.
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The existence of different regimes of the capacitevely
coupled radio-frequency (ccrf) discharge glow was first
reported by Levitskii [1]. Since this pioneering work, the
transition between the low power and high power dis-
charge modes is attributed to so-called a-7y transition.
The features of these discharge modes are the following:
at the low ccrf discharge voltage (e mode) the ionization
is provided by the bulk plasma electrons, whereas at the
high discharge voltage the ionization is maintained by the
secondary electrons from the electrodes due to the ion
bombardment (-y mode). A sharp rise of the electron den-
sity and the drop of the electron temperature are supposed
to be induced by the secondary electrons. Godyak et al.
[2] have studied experimentally the transition between
the low voltage and high voltage modes in argon and
helium. In kinetic simulations [3] and in calculations
with a two-electron group fluid model [4], the a-7y tran-
sition in a rf discharge was studied in helium. Another
type of electron heating-mode transition was found in the
experiment in a low pressure argon discharge [5] and
associated with the Ramsauer effect. In the ccrf discharge
in silane the transition was studied experimentally [6,7]
and numerically [8]. It was found that in the volume
dominated mode the «a-Si:H deposition rate drastically
increased. Recently, in spite of many practical applica-
tions of the ccrf discharge in technological processes, for
instance for the diamond like carbon film deposition, a
basic understanding of transition in molecular gases, is
still incomplete.

In this Letter we study the transition between two
modes of the ccrf discharge in methane, using the algo-
rithm [9] that combines the fluid model and the particle-
in-cell Monte Carlo collision (PIC-MCC) technique. The
drawback of the pure fluid model is that the inertia of
charged species is neglected, which restricts the validity
of this approach by the higher gas pressure range. On the
other hand, in the PIC-MCC simulation the large num-
ber of the simulation particles are needed, and at low P
the statistical fluctuations of electric field lead to the
artificial heating of electrons. In our combined PIC-
MCC model [9], the electron and ion kinetic equations
[three dimensional over velocity and one dimensional
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(1D) in space], the transport equation for electron and
ion densities and fluxes, and the Poisson equation are
solved self-consistently. The kinetic approach allows us
to find the kinetic coefficients, and the electric field dis-
tribution is found from the auxiliary equations. The ad-
vantage of our new approach is a visible acceleration of
the PIC-MCC simulations, which is reached due to a
considerable decrease of the number of simulation par-
ticles N. We use only N = 5000 for all P without increas-
ing of statistical noise, whereas the standard PIC-MCC
algorithm [10] needs more than N = 256 000 simulation
particles at the low gas pressure to obtain the reasonable
accuracy (see Ref. [9]).

We consider a 1D symmetrical ccrf discharge with
13.56 MHz frequency. One electrode is grounded, and
the voltage on another electrode is calculated self-
consistently to provide the desired current j. We choose
the current as an input parameter following the experi-
mental conditions of Refs. [2,5]. Interelectrode distance
d = 3-6 cm and the spatial grid has 81-131 nodes, con-
densing in electrode sheaths. For simplicity, following
Ref. [11], we consider only an ion CHy*. The methane
is treated like electropositive gas [12]. The model of
electron kinetics in methane includes electron-neutral
collisions [11,12] and electron Coulomb collisions [13].
The ion-neutral collisions are supposed to be charge
exchange processes. Here we will not discuss the plasma
chemistry, which is out of this article scope.

Varying the discharge parameters, we observe two
different regimes of a ccrf discharge glow. The typical
distributions of the electron density n, and the electron
energy € averaged over discharge cycles are shown in
Fig. 1. The first, the volume dominated (VD) regime, is
characterized with the low plasma density, the high elec-
tron energy (curves 1 and 4 in Fig. 1), and the higher
power input. The electron energy distribution has the
usual shape of a plateau. The second, the active sheath
(AS) regime of the discharge glow (curves 2, 3, and 5 in
Fig. 1), has much higher n,. The electron energy profile
exhibits two maxima in the sheaths adjacent to the elec-
trodes and a deep minimum in the center of the discharge.
In Fig. 1 we also show n, and € measured in Ref. [14]. In
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FIG. 1. Averaged over time distributions of electron density
n, (a),(c) and electron energy € (b),(d) over discharge gap.
Computed n, and € for j = 0.45 mA/cm? and P = 0.01 Torr
(curve 1) and for j=0.45mA/cm?> and P = 0.123 Torr
(curve 2). Measured n, and € from Ref. [14] (curve 3) for
discharge power 5 W and P = 0.123 Torr. Computed n, and €
for P = 0.075 Torr and j = 1 mA/cm? (curve 4) and for P =
0.075 Torr and j = 1.1 mA/cm? (curve 5).

simulation the altering of j and P changes the discharge
characteristics monotonically up to some critical point.
The transition takes place abruptly and is accompanied
with considerable modification of € and n, profiles, as
well as the discharge power. As seen in Figs. 1(c) and 1(d)
a slight change of j from 1 to 1.1 mA/cm? switches the
system from the VD regime to the AS one.

In previous studies this change of regimes was asso-
ciated with the «-7y transition, and we analyzed the
influence of the secondary electrons on the discharge dy-
namics. We assumed that the coefficient of the electron-
ion emission y = 0-0.5 and the initial energy of the
secondary electrons € = 1 eV. The results of our simula-
tion with various y have shown that even for the extra
large y = 0.5 the transition current j* becomes only
25% less than j* with y = 0. The discharge always
glows in the a regime at P = (0.01-1) Torr and j =
(0.45-2.2) mA /cm?. For the ccrf discharge operating in
methane, consequently, the a-y mechanism is not re-
sponsible for the transition between different modes. In
molecular gas the electron energy relaxation length A is
much smaller than A in noble gases due to excitation of
vibration states with low threshold energies (0.162 €V,
0.36 eV). The secondary electrons from the electrodes,
therefore, are not able to form a high energy beam like in
a noble gas discharge in the y regime. Figure 2 shows the
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electrons energy probability function (EEPF) before and
after transition. Belonging to the AS regime, the EEPF in
the sheath has the tail of electrons with energy higher
than the ionization thresholds (12.6 and 14.3 eV). These
hot electrons are able to provide the sufficient ionization
rate within the electrode sheaths to support the chosen
current. The electrons in the center of the discharge gap
play a passive role. Unlike the AS regime, in the VD
regime the lack of the ionization rate in the sheath is
compensated by the ionization in the bulk plasma. The
EEPF in Fig. 2 (see inset) demonstrates a small amount of
electrons with ionization capability in the VD regime
both in the center and in the sheaths. Figure 3 shows
the electron heating and cooling for these two regimes.
The difference in the electron kinetics is that in the VD
mode the electrons gain additional energy in the central
part of the discharge, whereas in the AS regime the
electrical field in the bulk plasma is very small, and €
drops here up to a fraction of an electron volt. Here the
thermalized electrons are trapped by the potential well
and plasma density increases as predicted in Ref. [15]. As
seen in Figs. 3(c) and 3(d), the dissociation processes are
more pronounced in the VD regime. A similar phenome-
non was observed in Ref. [6] in the silane discharge. In the
particular case of d = 6 cm, the largest part of electron
energy dissipates through the excitation of vibration
states of CH, molecules. The reduction of the gap results
in a more efficient redistribution of the discharge power
and an increase of dissociation rate.

To identify the location of the VD and AS regimes, we
calculated the ccrf discharge dynamics over a wide range
of plasma parameters. The results of this study for the
growing current branch are summarized in the phase

EEPF

FIG. 2. Electron energy probability function for j=
1.1 mA/cm? at x=0.86cm (curve 1) and at x =3cm
(curve 2) and for j =1 mA/cm? at x = 1.36 cm (curve 3)
and at x = 3 cm (4) (inset) for P = 0.075 Torr and d = 6 cm.

155001-2



week ending
VOLUME 92, NUMBER 15 PHYSICAL REVIEW LETTERS 16 APRIL 2004
o @l e
e heating (@) () \\\ 8 1
= cooling { Voo [
¥ ."I i ." '- ,' i
e 1 RN -
—10fi [\ | i -
S ol o)
/ j 0.1
i 1 BN N\ 4 l—
i i Y/ N ~—"
0 2 4 2 4 o
30 (d) B vib
- —— disCH, 18
S I 1 L N O IR dis CH,
=2 on 16 0.01F———
< e e i
= 10l | 14 0.5 1.0 15 2.0
o | i . 2
i 2
| j (mA/cm”)
ol e N N :
2 4 FIG. 4. Phase diagram of different regimes of ccrf discharge
X (Cm) in methane for d = 6 cm (solid line), 4 cm (dotted line), and
3 cm (dashed line); results from Ref. [16] (open triangles),
FIG. 3. Distribution of averaged over time total elec- Ref. [11] (diamond), and Ref. [18] (solid circles).

tron heating (dashed lines) and cooling (solid lines) (a),(c)
and electron cooling due to excitation of vibration states
(dashed lines), dissociation for CH; (solid lines) and for CH,
(dotted lines) and ionization (dot-dashed lines) (b),(d) for j =
1 mA/cm? (a),(c) and for j=1.1mA/cm?> (b),(d) at
P = 0.075 Torr.

diagram of Fig. 4. In it we show the location of the VD
mode and the AS mode as a function of j and P for
different d. In simulation we started from the low j and
first observed the VD regime. While increasing the cur-
rent, we reached a critical point and the discharge
switched to the AS mode. In Fig. 4 area I refers to the
location of the VD regime for d = 6 cm. For smaller d,
the VD regime spreads out over the phase diagram. For
d = 4 cm the VD regime already consists of areas I and IL
The further reduction of the gap up to 3 cm adds area III,
and now at P < 0.05 Torr the discharge always glows in
the VD mode. The results of previous studies of the
methane ccrf discharge are also shown in Fig. 4. In
Ref. [16] the VD and AS regimes were found in simula-
tions with j = 0.2 and 2.2 mA/cm? (P = 0.14 Torr and
d = 3 cm) (open triangles in Fig. 4). The computed dis-
charge structure from Ref. [17] for P = (0.1-0.35) Torr,
j =3 mA/cm?, and d = (3.5-6.5) cm corresponds to the
AS mode. The VD regime was found in Ref. [11] for the
discharge voltage U =275V, P = 0.2 Torr, and d =
3.5 cm (diamonds in Fig. 4). In Ref. [18] the discharge
is treated on the basis of the 2D fluid model. At U =
100 V a decrease of P from 1 to 0.25 Torr initiates the
transition from the corner dominate regime to the volume
dominated one. At this transition n, decreases and €
essentially increases over all discharge volume. In our
1D combined PIC-MCC simulations, we take the same
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gap d =4 cm and U = 100 V. Changing P from 1 to
0.25 Torr, we also observed a drop of n, and a rise of e,
which refers the transition between the AS and VD
modes. The transition found in Ref. [18] fits our phase
diagram perfectly (solid circles in Fig. 4).

The results presented above were obtained for the
growing current branch when the chosen current is ap-
proached from “below.” The attempt to reach the chosen
current from “above” by decreasing j gave us unexpected
results. We have obtained another steady-state solution. In
Fig. 5 n, and € in the center of discharge are shown for the

4

0.5 1.0 1.5
. 2
j (mA/cm®)
FIG. 5. Time averaged electron energy and electron density
as function of j for P = 0.075 Torr and d = 6 cm. Growing

current branch (dashed lines) and falling current branch (solid
lines).
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FIG. 6. Total ionization as a function of the number of dis-
charge periods for j = 0.7 mA/cm? from below (curve 1) and
from above (curve 2), and for j = 0.75 mA/cm? from below
(curve 3) and from above (curve 4), for P = 0.03 Torr and
d=6cm.
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growing and falling current branches. Along the growing
branch, at lower currents, we observe the VD regime up to
the critical current 1.1 mA/cm?. After transition to the
AS regime € drops and n, significantly rises. Along the
falling current branch at high current the discharge glows
in the AS mode and with decreasing j, the AS mode
survives up to very low current values. In the experiment
such a hysteresis was observed in Ref. [6] in the silane
discharge. To understand the mechanism of transition
between the VD and AS modes, we calculated the total
number of ionization events N;, which is shown in Fig. 6
for j =0.7 and 0.75 mA/cm? at P = 0.03 Torr (j* =
0.725 mA/cm?). It is seen that after transition at j =
0.75 mA/cm?, N, increases by 1 order of magnitude. How-
ever, the variation of j from 0.75 to 0.7 mA/cm? does not
change much the total ionization N,. It is clear that the
transition is initiated by a quick rise of ionization in the
sheath [19]. In order to maintain the AS mode, in contrast
to the VD mode, a much higher ionization rate is needed.
The occurrence of hysteresis is explained by the existence
of two steady-state solutions (two different modes)
within some range of j. The choice of the discharge to
glow in one of these two modes depends on the prehistory
of the system. When the transition from the VD mode to
the AS mode takes place (growing current branch), in the
VD mode the electron density nYP is comparably low. The
sheath electrical field, therefore, should be sufficiently
large to provide the energy higher than the ionization
threshold for the main part of electrons. If j changes
along the falling current branch, in the AS mode the
electron density n25 > nYP. In this case the high level
of ionization, which is necessary for the AS mode, could
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be maintained at a lower sheath electric field. Thus, the
transition from the AS regime to the VD one occurs at a
lower value of j* than the transition between the VD and
AS regimes. This behavior (hysteresis) is not due to
properties of gas methane. It is general property for high-
frequency discharges operating in two different modes.

In conclusion, we have systematically studied two re-
gimes of the ccrf discharge glow in methane and con-
structed the P-j phase diagram to show the location of the
VD and AS regimes. The critical values for transition
have first been calculated for a wide range of j and P. The
transition between two modes of the discharge have been
shown to be not related to the a-7y transition like in the
argon discharge. We have found the hysteresis in the
discharge behavior. By increasing the current or decreas-
ing one up to a chosen current value, we have obtained
different regimes of the discharge glow.
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