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Abstract. Rate coefficients for electron impact dissociation of the N, molecule to neutral
fragments under the presence of radio-frequency (RF) electric field are calculated for field
frequencies of 13.56, 100 and 200 MHz and for root mean square values of the reduced
electric field strength of 300 and 500 Td.

1. INTRODUCTION

Dissociation of excited nitrogen molecules is important from many aspects of
environmental and industrial chemistry as well as in many technological processes
such are RF plasma nitriding, sterilization of medical instruments by nitrogen
atoms and many others (see Guiberteau et al. 1997, Villeger et al. 2003).

Dissociation of N, to neutral fragments is taking place via electronically excited
states of N, that subsequently dissociates into atoms:

e+N, »N," > N+N+e (1)

Threshold energy for reaction (1) is 9.75 eV and most of nitrogen molecules’
electronic states lie above this energy. Excess energy during dissociation is
transferred to atoms.

Zipf and McLaughlin 1978 were first to recognize the importance of
dissociation of the excited N, molecules over radiative relaxation across manifold
of singlet valence and Rydberg states. They have shown that nitrogen molecules
that were excited to various 'TI, and 'Z," states, whether by electron impact or UV
photon absorption, mostly follow the predissociation path, although photon
relaxations via dipole-allowed transitions to the singlet ground state were expected
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to be dominant (see Green and Barth 1967). Dissociation to neutrals occurs in a
time interval of 10" s, while radiative decay lasts 10® s (Itagaki et al. 2003). Main
contribution to N, dissociation below 100 eV electron energies originates from
family of 'Il, states, which predissociate with almost 100% efficiency.
Contributions of 'Z,” states to dissociation vary depending on the states’ vibrational
level. Above 100 eV, the states contributing to dissociative ionization become
dominant contributors to dissociation. The cross sections for reaction (1) are
measured and reported by several groups (see Itikawa et al. 1986, Itikawa 2006). In
the present work, we shall calculate the rate coefficients for dissociation to neutral
fragments only, under the presence of RF electric field for frequencies of 13.56,
100 and 200 MHz and for Er/N values of 300 and 500 Td. For this purpose we will
use the cross sections that were measured and recommended by Cosby 1993 and
electron energy distribution functions (EEDF) that are obtained by using our Monte
Carlo simulation.

2. METHOD

Monte Carlo simulation code has been developed previously to track the
electron transport trough the nitrogen atmosphere in the presence of RF electric
field (see Popovié¢ et al. 2014, Risti¢ et al. 2017). Electrons are exposed to the
action of a time-varying electric field that periodically oscillates at a fixed
frequency fas a function of time #:

E(t) = V2Egrkcos(2nft) )

where E denotes the root mean square value of the electric field strength and k is
the unit vector set in the direction of the electric field. After certain time that
electrons have passed in the simulation, quasi-steady state is reached and EEDF is
sampled over a period of the field oscillation. Electron’s coordinates and velocity
components are determined in each small time step of the simulation, dt by solving
the differential equation of motion:
mEL — B0 3)
dt?
where 7 is the electron radius vector, m is the electron mass and e is its charge. All
scattering processes that can happen in interaction of electron and N, molecules
(elastic, inelastic and ionization) were included in the model by carefully choosing
the cross sections for all relevant processes. Dissociation is involved implicitly
through the inclusion of all available electronic states that contribute to the
dissociation process. For more details of the Monte Carlo code we refer the reader
to reference Risti¢ et al. 2017.
The EEDFs obtained by simulation at a given point in time within one period of
field oscillation and for the mean electron energy &;, were used to calculate the rate
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coefficients K(&;,t) for the dissociation with the corresponding effective cross
section g (&), having a threshold energy &;5,, using the formula:

K(& ,t) = \/%f:h o(e)Ve f(&, ¢, t)de 4)
where ¢ represents the actual kinetic energy of the electron and f. (&, &,t) is the

EEDF at specific time ¢.
3. RESULTS AND DISSCUSION

The rate coefficients for dissociation of N, to neutral fragments vs. phase of the
RF electric field for frequencies of 13.56, 100 and 200 MHz are presented in Fig. 1

for Ex/N values of 300 (Fig. 1 a) and 500 Td (Fig. 1 b).
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Figure 1: Rate coefficients for dissociation of N, to neutral fragments vs. phase of
the RF electric field for indicated frequencies and at a) Ex/N=300 Td and b)
Er/N=500 Td.
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One can see that the dissociation rates are higher at 500 Td than at 300 Td. This
is because the cross section for dissociation is rising steeply from its threshold and
at higher ER/N electrons will have higher energies and overlapping integral
between o (€) and f; (&, €, t) shall have greater value.

At 13.56 MHz, the rates are in phase with the electric field, but with rising the
frequency of the field, a phase lag of the dissociation rates is becoming more
pronounced. This is caused by electrons’ inertia while moving through the nitrogen
gas.

Table 1: Period averaged rate coefficients (in 10 cm’s™) for dissociation of N, to
neutral fragments under considered conditions

f=13.56 MHz f=100 MHz /=200 MHz

Ex/N=300Td 1.1590 1.0640 0.9709

Ex/N=500Td 3.9337 3.7783 3.7960

For the sake of practical purposes, we have calculated period-averaged
dissociation rates to neutral fragments. These values are presented in Table 1.
When frequency is raised at Ex/N=300 Td, the period-averaged rate is decreasing.
At Ex/N=500 Td, relative changes of the period-averaged dissociation rates are
lower and no constant decreasing with rising the f is present. We believe that
presented dissociation rates can be useful in many processes that involve
capacitively-coupled RF nitrogen plasma.
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