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Abstract: Pulsed DC technology has led to the
design of cost-effective deposition systems and to
improved film properties, compared to
conventional rf systems. In this work, a two-
dimensional finite element model is used to
investigate the high frequency pulsed DC
discharges in nitrogen. The study is performed
using the Plasma Module of COMSOL
Multiphysics®. The densities of all the plasma
species are obtained. The temporal evolutions of
averaged electron density, averaged -electron
temperature, and averaged densities of ions and
neutrals are presented. The effects of pulse
frequencies and duty cycle ratios on plasma
properties are examined.
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1. Introduction

Pulsed plasmas exhibit improved etching and
deposition rates, reduced formation of dust
particles, and uniformity of deposition [1].
Controls of the plasma chemistry, electron energy
distributions and plasma characteristics have been
obtained by adjusting the pulse repetition
frequency and duty cycle ratio of the pulsed
power in inductively coupled methane plasmas
and capacitively coupled Ar and Ar/CF4/O;
plasmas [2,3].

Pulsed DC technology may reduce powder
formation and allow more precise control of the
generation of reactive species. This technology
has permitted the development of more
sophisticated equipment with ionization sources
and has led to the production of innovative
materials [4-7]. Recently, time-resolved measure-
ments of electron density in pulsed DC discharges
in nitrogen and argon operating at the pulse
frequency of 0.4~25 kHz have been reported [8].
Although a bi-Maxwellian electron energy
distribution was proposed, the plasma properties
in these discharges such as the temporal
evolutions of electron temperature and densities
of the species contributing to metal nitridation

were not obtained. In the present work, an
extensive simulation study of high frequency
pulsed DC glow discharges is performed by using
COMSOL Multiphysics®. The spatiotemporal
distributions of plasma species are obtained and
the pulsed DC plasma properties are discussed.

2. Numerical Model

The research is conducted in a DC glow
discharge device designed for metal nitridation
[8]. Gas is nitrogen. The gas pressure is 10 Pa. A
negative high voltage of —2 kV at the pulse
repetition frequency of 1 or 10 kHz is connected
to the cathode (diameter=13 cm) through a series
RC circuit comprised of a ballast resistor of 100
Q and a blocking capacitor of 50 nF. The model
includes an axisymmetric discharge area of 1520
cm? size. The cathode center is located at r = 0 cm
and z = -5 cm. The centers of grounded anodes
(3030 cm?) are located at r=15 cm and z=15 cm.
The duty cycle ratios (discharge ON time/
discharge pulse period, DCR) are 25% and 50%.

The species taken into account are electrons,
ions (N2*, N4*, N*), neutrals in ground state (Na,
N), and neutrals in excited state (N2(A3Z,"), N»
(B3Ily), N> (B'3%,), Na(a' 'Z, ), Ni(a'Ily),
N, (w!'Ay), Nz (C°Ily)), as shown in Table 1. The
chemical reactions, in which the electron-induced
collisions, the reactions of ions by collisions with
atoms and molecules, the reactions of excited
nitrogen molecules by collisions with atoms and
molecules, and the photoemissions are included,
are listed in Tables 2 [9]. The basic equations of
the plasma simulations used in this research
include a pair of drift-diffusion equations for the
electrons, a modified Maxwell-Stefan equation
for the ion and neutral species, and a Poisson’s
equation for the space charge electric field. Since
a pulsed DC voltage is used, the secondary
electron emission due to ion impact becomes a
significant factor to sustain the pulsed discharge.
In this work, the secondary electron emission
coefficient is set to 0.25 Ions are considered as
completely absorbed/neutralized when they arrive
at the electrodes. The excited nitrogen molecules
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Table 1: The species included in the model.

Neutrals Neutrals in excited Tons electrons
state
N2, N N2(A 3Zu)/N2(A) N*, No¥, e
Na(B 3I1g)/N2(B) Na*

Na(B' 3%y )/Na(B')
Na(a' 'Z4)/Na(a)
Na(a 'Tlg)/Na(a)
No(w 'Au)/Na(w)
Na(C 3T1,)/Na(C)

Table 2: The chemical reactions included in the model
(& electron energy).

Rate coefficient

s/ em? s/ emb-s7)

No. Reaction

1 e +No—e +N2 fte
2 e +tNa—e +Na(A) e
3 ¢ +Np—e +No(B) YC)
4 e +tNo—e +N2(B') o
5 e +Na—e +Na(a') e
6 e +No—e +N2(a) fle
7 e +Na—e +Na(w) e
8 e +Na—e +N2(C) e
9 e +tNo—2e +N2* fle
10 e +N>—2e + N*+N e
11 e +N—o2e +N* e

12 e +N2*-»N+N 4.8x107(300/Te)"3
13 e +N4'— NotN2 2.0x10(300/T.)"?
14 N*+N>—N +No* 4.45x101°

15 N2" +N—>Nz +N* 2.4x1075T,

16 N4t +N2—N2* +N2 +N» 2.1x10"%exp(Ty/121)

17 Ns"+N->N"+N2 + N2 10"
18 N2(A) +N2(A)—N2(B) +N2 7.7x10M
19 N2(A) +N2(A)—N2(C) +N2 1.5x1071°
20 N2(A) +N—-N2 +N 4.0x10™M
21 N2(A) +N2(a’)—>Ng* +e~ 9.0x10"?
22 N2(A) +N2(a')—>N2* +Note™ 1.0x1012
23 Na(B) +N2a—N2(A) +N2 2.85x10™!
24 Nz(B) +N2—N2 +N2 1.5x1012
25 Nao(B)—Na(A) +hy 2.0x10°
26 Nz(a") +N2—N2 (B)+N2 1.9x1013
27 Na(a') +N2(a’)—>N4" +e 4. 5x10™M
28 Na(a’) +N2(a)—>Na2™ +N2 +e~ 5.0x107"?
29 Na(a) +N2—N2 (a')+N2 2.2x107M
30 Nz(a)—>Nz2+hv 1.7x10*
31 Na(a)—Na(a') +hv 1.91x10*
32 Na(w) +N2—N2(a) +N2 1.0x107!
33 Nz(w)—Nz(a) +thv 6.4x10?
34 N2(C)—Nz(B) +hv 2.74%10’

are set to revert to their ground states when they
contact with the walls. The surface loss of N

atoms is given by R = —( Y )zc, where ¢ is
1-y/2) 4

the density of atom N, v = ,/8kgT/mm is the
average velocity of the N atoms, where /g is the
Boltzmann constant, T is the temperature, and m
is the mass of atom N. y is the surface loss
probability, which is set to 0.07 in this work [10].

3. Simulation results

Figure 1 shows the calculated results for a
pulsed DC plasma at the pulse frequency of 1 kHz
and 25% DCR. As the temporal evolution of
pulsed DC voltage, the electron density, electron
temperature, and densities of ions and neutrals
appear the pulse variations. The pulse amplitude
of averaged electron density is 1.9 X 10°m=3.
The maximum averaged electron temperature is
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Figure 1. Temporal evolutions of averaged electron
density, averaged electron temperature, and averaged
densities of ions and neutrals in a pulsed DC plasma at
the pulse frequency of 1 kHz and 25% DCR.
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Figure 2. Electron density and electron temperature at
the different time points in a pulsed DC plasma at the
pulse frequency of 1 kHz and 25% DCR.
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Figure 3. High electron density and high electron
temperature in a pulsed DC plasma at the pulse
frequency of 1 kHz and 50% DCR.

is 23.7 eV. The densities of No"and N4* are much
higher than that of N* that appears a large pulse
variation. The density of atom N gradually
increases.

Figure 2 shows the electron density and
electron temperature at the different time points as
shown in Fig. 1. The high electron density at the
time point B presents more intensive across the
symmetrical axis than the low electron density at
the time point A. The electron temperature over
the cathode at the maximum amplitude of pulse
voltage appears extremely high, arriving at a
maximum value of 387 eV. On the contrary, when
the pulse voltage value is changed to zero, the
electron temperature becomes very low over all
the plasma area. Results at the pulse frequency of
1 kHz and 50% DCR show a similar tendency, but
the electron density is much higher and more
intensive. Although the maximum electron
temperature is not increased, the high electron
temperature is concentrated to the cathode. It can
be deduced to a fact that the increase of electron
density causes the plasma sheath in contact with
the electrode to be thinner. The maximum
electron density increases from 1.59 x 10*°m™3
0f 25% DCR to 1.75 x 10*”m™3 of 50% DCR.

The calculated results at the pulse frequency
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Figure 4. Temporal evolutions of averaged electron
density, averaged electron temperature, and averaged
densities of ions and neutrals in a pulsed DC plasma at
the pulse frequency of 10 kHz and 25% DCR.

of 10 kHz and 25% DCR are shown in Fig. 4. Due
to the increase of the pulse frequency, the electron
density is evidently reduced and the time period
with high electron temperature becomes narrow.
The effect of the external series RC circuit on the
pulsed DC discharge is also presented in the
variation of the pulsed DC, which may be
regarded as the charge-discharge effect of the
blocking capacitor. The density of N>*is one order
higher than that of N4~. N* appears a pulse
variation similar to that at the low pulse frequency,
but the high density area is narrower.

4. Conclusions

This paper presents the simulation results of
the high frequency pulsed DC discharges in
nitrogen. 13 kinds of plasma species including
electrons, ions and neutrals as well as 34 kinds of
chemical reactions are considered. The pulsed

plasma properties are obtained. The extremely
high electron temperature is shown over the
cathode at the maximum amplitude of pulse
voltage. The increase of DCR causes the electron
density to rise rapidly. Contrarily, an increase of
the pulse frequency causes the electron density to
go down.
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