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HIGH VOLTAGE BEAM DISCHARGE IN NITROGEN WITH FAST
NEUTRAL ATOM REFLECTION FROM TANTALUM CATHODE
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The kinetic simulation of high-voltage beam discharge at low pressure of nitrogen is fulfilled. The characteristics
of particle flows to the tantalum cathode and back reflection of fast nitrogen atoms are calculated. The reflection
coefficient equals tens of percents at voltages up to 100 kV. The generation of fast nitrogen atoms may be used for

metals and dielectrics nitriding with implantation effect.
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INTRODUCTION

In electron-ion and plasma engineering and technol-
ogy, various types of gas discharges are used, a special
place among which is occupied by high-voltage low-
pressure discharges of the beam type, in which charged
particles acquire a large energy comparable to the en-
ergy of particles in vacuum accelerators at the same
voltages. Such discharges arise and are maintained at pd
(p is the gas pressure, d is the gap between the elec-
trodes) corresponding to the left branch of the Paschen
curve [1] and providing the mean free path of charged
particles between collisions with gas molecules of the
order of d. These collisions, although rare, lead to the
generation of new particles in the gap (electrons, ions,
and fast neutrals after ion recharge). New electrons and
ions are accelerated by the electric field, leading to an
expansion of the energy spectrum of the particles that
bombard the electrodes. Various processes occur on the
electrodes caused by high-energy bombardment; of the
most important kinetic processes, we note for the cathode
— secondary electron emission (y-emission), material
sputtering and backscattering (reflection) of fast neutral
atomic particles (part of the former bombarding charged
and neutral particles), and for the anode — backscattering
(reflection) of a part of high-energy electrons [1, 2].

It follows from what has been mentioned that in
beam discharges the electrodes are not only collectors of
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particles, but also diffuse reflectors of high-energy par-
ticles. Also, the discharges are generators of fast neutral
particles fluxes to the cathode (as neutrals after charge
exchange of ions) and to the anode (as reflected atoms
of the working gas).

These features of the beam discharges, together with
the thermal effect on the electrodes, are of practical inter-
est for nitriding technology using the effects of nitrogen
implantation into objects made of both conductive mate-
rials and dielectrics. To quantify the effects useful for
nitriding, it is advisable to simulate a high-voltage dis-
charge in a nitrogen atmosphere, taking into account the
reflection of fast neutral nitrogen atoms from the cathode
surface. The given work is devoted to this subject. Tan-
talum was chosen as a metal reflecting atomic nitrogen,
since it is interesting for use in nitriding processes.

1. PHYSICAL AND KINETIC SIMULATION
OF HIGH VOLTAGE LOW PRESSURE
DISCHARGE

1.1. SIMULATION OF PROCESSES IN GAS GAP

The used mathematical model is represented by the
system (1) of kinetic equations for a planar electrode
system and Poisson's equations for an electric field for a
direct current power supply mode

E(x)w = 2nv8(v2 qu +4q; t4n T4y )

ox m Vi
afi(;vx)vx afi(grvx) L E(x )afl (x x) = 20,8 (que"'qi + g, +qr)_
X

—nf; (x,vx )Gce (Vx )Vx +2nv, 8

jfa(xv)ca

)(C )Iflxvx ce(";c)";cdv;c’
(v

Wdv',o=e,r,

q|3 - J.fB (x’vx )GB (Vx )devx, =i,n,

O (x.v) +Vy Ynlevy) =nfi (x,vx)oce (Vi vy,
ot Ox
, el
ox

Ja()=Jji()+jelx) 1g=1; +1e,

x)= fef fo (e v Wavi], Ji(x

ISSN 1562-6016. BAHT. 2021. Ne4(134)

)=lel £i (x i Meavi|

207



sd sd
o= STk, 1 =3 ek,
0 0

Pe(x)+pi(x)’

()= - 20), Lol

€0

Pelw)=—e fo(x)av", p;(x)=ef f; (x,v} Javy, (1)

where f,, f, /., /. are the distribution functions of elec-
trons, ions, neutrals after charge exchange and atomic
neutrals reflected from the cathode; x is the coordinate
axis directed from the cathode to the anode; v, is the
projection of the velocity v onto the x-axis; e and m are
the electron charge and mass, accodingly; M is the mass
of the molecular ion; 7 is the concentration of gas parti-
cles (assumed constant); & — Dirac delta function; G, o;,
G,, and o, are the cross sections for gas ionization by an
electron, ion, charge exchange neutral, and atomic re-
flected neutral, besides o, and o, are the sum of the
cross sections for gas ionization by neutrals and their
stripping; o, is the ion charge exchange cross section,
which takes into account in the case of molecular gases
the molecular 44,” + 44°— AA + A4 and dissociative
AAf + 44" 24 + AA" types of the ion charge ex-
changes by adding the cross sections of both types of
charge exchanges, while two fast atomic neutrals were
considered equivalent to one non-charged two-atom
molecule with the same velosity; j; is the discharge cur-
rent density; j., is the current density of electrons
(ions); 1, is the discharge current in the system; /. is
the current of electrons (ions); S is the cathode (anode)
area; F£ and ¢ are electric field strength and potential;
pei is the density of the space charge of electrons
(ions); g is the electrical constant. The functional de-
pendences c.(v), 6,(v), 6,(v), 6,(v), and c.(v) were used
in the form of approximations of the corresponding ex-
perimental data. For nitrogen, the approximations are
given in [2].

The given system of equations is supplemented by
the corresponding boundary conditions, the formulation
of which depends on the type of the modeled system,
and equations for the electric circuit. In the simplest
case, the external circuit is a source of constant voltage
U,, to which a gas-discharge device is connected
through a resistor R, and the voltage at the anode is
U= U, — I,R;. At the cathode, the following conditions
takes place:
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where y; and vy, are the coefficients of the secondary
emission of the cathode under the action of bombard-
ment by ions and charge exchange neutrals (in [2], the
approximations of the coefficients y,(v) and v,(v) are
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given); W is the function of the transformation of the
spectrums of ions and charge exchange neutrals, bom-
barding the cathode, into the spectrum of reflected
atomic neutrals; here we assume that the reflection of
heavy particles does not depend on their charge state.
The determination of the spectrum of reflected atoms is
described in the Subsec. 2.2. The boundary conditions at
the anode depend on the way of organizing the techno-
logical process. If the anode is a fine-structured grid,
behind which a plasma is created as an ion emitter with
current density j;,, the boundary conditions are as the
follows:
v (d,v]vx 0= Veld K@),

’
vi>0
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where K is the function of converting the velocity spec-
trum of electrons, bombarding the anode grid, into the
spectrum of reflected electrons. If the anode is the
boundary of an open plasma, the additional conditions
are introduced:
K=0, E£(0)=0.

For a given value of d, the ion emission current from
the plasma j;, is a calculated parameter. The system
with a plasma anode is a model of a cathode layer of a
discharge with an anode plasma of the type of a self-
sustained high-voltage glow discharge (it may be the
anomalous glow discharge — AGD) with plasma genera-
tion due to the energy of cathode electrons [1, 3] or a
non-self-sustained discharge with plasma generation by
an HF or microwave field.

The system of kinetic equations is solved numeri-
cally using elements of the “big particles” method [4].
In this case, the general algorithm for solving the prob-
lem is divided into several stages, at which independent
problems are solved; the algorithm is represented by
several iterative loops nested within each other. When
solving the problem, we used the multibeam approxima-
tion in the “strong field” regime, i.e. it is assumed that
the energy of charged particles in the partial flows
(beams) is determined by the potential difference passed
by the particles from the place of their birth to the place
of collision and, under the influence of the field, the
particles acquire a directional velocity that is much
higher than the chaotic thermal and initial velocities.
The voltage U is much higher than the ionization poten-
tial of the gas; the energy losses for gas exitation and
ionization are neglected due to the low density of the
gas. Also, the elastic collisions of ions and fast neutral
species are neglected. Thus, it is accepted that the en-
ergy of the field is spent only on the acceleration of par-
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ticles. Accordingly, A.,» > d, A; ~ d, where A, are the
average mean free paths of electrons, ions and neutrals.
For the charge exchanges, a "relay race" model of
charge transfer from the former ion (becomes as a fast
neutral now) to the future ion (but slow yet) is adopted.
Thus, this modeling method is a variant of the PiC
(“Particles in Cell” [4, 5]) method, in which the motion
of particles with collisions is calculated by the Monte
Carlo method in the “strictly forward scattering” ap-
proximation under “strong field” conditions.

The use of the developed model for calculating low-
pressure ion processing systems made it possible to ob-
tain good agreement with experiment, provided that
carefully selected approximations were used for the
dependences of the cross sections and coefficients of
elementary processes on the particle velocity. In particu-
lar, to check the adequacy of the model, the Paschen
curve (characteristics of the occurrence of a self-
sustained discharge in nitrogen between the metal elec-
trodes) was calculated with the condition j;, = 0. Com-
parison with experiment is shown in Fig. 1. The dis-
crepancy between calculation and experiment in the
value of pd, at which a self-sustained discharge occurs,
does not exceed 10 %, which corresponds to the scatter
of experimental data [3]. The discharge at pd to the left
of the Paschen curve can be maintained in a non-self-
sustaining form by injecting an ion flux from the behind
anode space into the interelectrode gap by an independ-
ent source.
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Fig. 1. The Paschen curve (solid line)
and experiment (triangles [3])

Fig. 2 depicts typical distribution functions of ion
fluxes vf; and charge exchange neutrals vf, towards the
cathode. Here, the parameter d is the width of the near-
cathode layer of positive space charge (or the dark near-
cathode space [1]). The vf; functions contain two parts:
the peak for non-recharged ions with energy eU and the
dome-like part for ions after one or more charge ex-
changes. The smaller pd, the smaller the 2nd part of the
ion flux, and, accordingly, the smaller the flux of neutral
species after ion charge exchanges.

1.2. SIMULATION OF PROCESSES
IN THE CATHODE SUBSURFACE LAYER

To determine the characteristics of the flux of neu-
tral nitrogen atoms reflected from the cathode during the
bombardment of the cathode by ions and charge ex-
change neutrals, we used the physical-kinetic simulation
of the motion of bombarding ions and recoil atoms in
the subsurface layer of a metal cathode. The simulation
is based on the Monte Carlo method in the approxima-
tion of linear cascades of pair collisions of atomic parti-
cles and the amorphous structure of the cathode body.
The calculations were performed using the TRIM pro-
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gram code [6]. Examples of calculations performed for
objects similar to ours are presented in [7 - 10]. Verifi-
cation of the results of these calculations by comparison
with the data known from the literature showed that
they are quite adequate, therefore, a conclusion was
made about the applicability of TRIM in the given
work.
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Fig. 2. The distribution functions of ion and neutrals
flows after ion charge exchanges at the cathode
at pd = 9 Pa-cm
The integral reflection coefficients R of fast nitrogen
atoms were calculated:
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where N, is the number of nitrogen particles bombard-
ing the cathode in terms of atomic particles (N* or N%);
N, is the number of reflected atoms; Ej is the energy of
each atomic particle bombarding the cathode; F. is the
distribution function of reflected nitrogen atoms in
terms of energy and solid angles of ejecting from the
cathode body. Table shows the values of the coefficients
R at various values of E, for the case of normal inci-
dence of particles accelerated in the interelectrode gap
onto a flat tantalum cathode. and, as can be seen, its
value is tens percents of units in the entire possible
range of energies of the bombarding particles.

It is interesting to note that the value of R for nitro-
gen particles with an energy of 70 keV is only 2 times
less than the value of R for particles with an energy of
0.5 keV, i.e. tantalum is an efficient reflector and gen-
erator of neutral nitrogen atoms.

Integral reflection coefficient of nitrogen atoms
from tantalum

Eo, keV 0.5 1.0 2.0 5.0
R 0.37 0.36 0.33 0.30
Eo, keV 10.0 20.0 40.0 70.0
R 0.29 0.24 0.21 0.17

It is known that the discharge plasma in nitrogen
emits both atomic N™ and molecular N," ions towards
the cathode, but upon impact on the cathode, the mole-
cules decay into atoms, which then independently move
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in the cathode body. Hence, in the case of molecular
nitrogen ions N,", to determine the reflection coeffi-
cient, one should use the data for N* ions, but for half
the energy (0.5E) and multiply the obtained value R by
2. Similarly, the number of reflected nitrogen atoms
should be determined when the cathode is bombarded
by charge exchange neutrals, since the initial charge of
the bombarding particle is not important for the process
of backscattering (reflection) from the cathode.

Fig. 3 shows the energy distributions of reflected ni-
trogen atoms for a wide range of energies of particles
bombarding the cathode. The distributions are presented
in the form of histograms, which show the number of
AN atoms with energy accordingly to each subrange.
The width of subranges are 1/20 of the maximum possi-
ble energy &.,..x = Eo (as the total number of subranges
is 20). These histograms, in fact, represent the entire
flux of reflected N, atoms to the anode in the form of
20 partial flows of monoenergetic atoms. The calcula-
tions were performed for Ny=10" atomic particles
bombarding the cathode. As can be seen, the nature of
the distributions as a whole weakly depends on the
value of E; but there is the trend the relative fraction of
high-energy reflected atoms from the bombarding parti-
cles flow decreases with increasing energy E, . This is a
consequence of the fact that high-energy particles are
implanted deeper into the cathode body, from where the
return exit of particles to the surface is associated with
large energy losses. Most of the nitrogen atoms re-
flected from tantalum have energies in the approximate
range from 0.1E, to 0.75E,.

2. DISCUSSION OF RESULTS

Completing the solution to the general problem
posed requires stitching the solutions to the problems of
modeling processes in the gaseous interelectrode gap
and modeling processes in a solid body that is the sub-
surface layer of the cathode. As a result, one obtains a
complete material and energy characteristics of the flux
of reflected atoms from the cathode. For this, the spec-
trum of bombarding particles is to be recalculated (see
Fig. 2), namely: the reflected fluxes from each fraction
of the entire flux of particles bombarding the cathode
are to be calculated and summed up. Since a part of the
bombarding flux consists of low-energy species, the
total reflected flux is enriched with low-energy nitrogen
atoms. This situation is typical for a self-sustained AGD
at pd to the right of the left branch of the Paschen curve
(see Fig. 1). However, in AGD, with an increase in the
discharge current density and j;,, as well, the value of d
decreases significantly, as does the number of ion
charge exchanges. Therefore, the dense AGD can be
used to generate a higher-energy flux of reflected atoms.

The use of a high-voltage glow discharge under
conditions, characteristic of the upper part of the left
branch of the Paschen curve, promotes the formation of
a high-energy flux of reflected atoms both due to the
high discharge voltage and due to a decrease in the con-
tribution of ion charge exchanges and of the role of the
low-energy part of the flux of ions bombarding the
cathode with energies Ey < eU. In this case, the total
energy spectrum of reflected atoms will be almost com-
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pletely determined only by the histograms shown in
Fig. 3 with Ey = eU.
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Fig. 3. Histograms of the energy distribution of nitrogen
atoms reflected (backscattered)
from the tantalum surface

The last equality will be even more strictly fulfilled
in the case of using an independent plasma generator
behind the anode. In this case, the gas pressure in the
interelectrode gap can be greatly reduced and the volt-
age U may be greatly increased (up to 100 kV), i.e. to
obtain an almost monoenergetic flux of particles bom-
barding the cathode and a powerful flux of nitrogen
atoms, which is suitable for deep implantation into an
object opposite the cathode. A high operating voltage
naturally leads to an increase in the thermal load on the
system and provokes arcing, therefore it is advisable to
use a pulsed electrical power supply to the system.

CONCLUSIONS

A physical-kinetic model of a low-pressure high-
voltage beam-like discharge in a nitrogen atmosphere
with a tantalum cathode has been formed. Model calcu-
lations made it possible to obtain information on the
characteristics of the flow of particles bombarding the
cathode. A physical-kinetic model of the interaction of
bombarding nitrogen particles with the cathode material
atoms (of tantalum in our case) in the subsurface layer is
applied with use of the TRIM program. This made it
possible to obtain information on the characteristics of
the flow of neutral nitrogen atoms reflected from the
cathode. Both models are based on the application of the
statistical Monte Carlo method using approximations for
the characteristics of elementary processes of interaction
of particles in gas and solid body.
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Calculations have shown that tantalum is an effec-
tive reflector and generator of high-energy nitrogen at-
oms. The reflection coefficient is tens of percents in the
range of discharge voltages from hundreds of volts to
100 kV.

The data obtained indicate that the use of a high-
voltage form of discharge with a tantalum cathode is
promising for technological processes of nitriding mate-
rials with implantation effects. The absence of charge in
the reflected nitrogen atoms makes it possible to rec-
ommend processing dielectric materials by the reflected
atoms.
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BBICOKOBOJIbTHBIMN JIYUEBOM PA3PS] B ASOTE C OTPA’JKEHUEM BBICTPBIX
HEUTPAJBHBIX ATOMOB OT TAHTAJIOBOI'O KATOJIA

B.C. bonoacos, A.H. Ky3emuues, M.C. Menvnuuenxo, B.M. Illynaes

BbInonHeHO KMHETHYECKOe MOJIETUPOBAaHIE BBICOKOBOJIBTHOIO JIYUEBOIO pa3psiia IIPU HU3KOM JaBJICHUHU a30Ta.
Paccunranbl XapakTEpUCTUKHU MTOTOKOB YAaCTHIl K TAHTAJOBOMY KaTOAY U OOpPaTHOrO OTpa)keHUs! OBICTPHIX aTOMOB
azora. Ko puumeHT oTpaskeHus! COCTABISET JECATKH NPOLEHTOB NpHu Hanpsbkenuu 10 100 kB. 'enepanust ObicT-
PBIX aTOMOB a30Ta MOXKET OBITh UCITOIL30BaHA JIISI a30TUPOBAHUS METAIUIOB M TUAJIEKTPUKOB C MMILUIAHTAIIHOHHBIM
addexToM.

BUCOKOBOJIbTHUII TIPOMEHEBHI PO3PSIJT Y A30OTI 3 BIIBUTTAM IIBUJIKHX
HEUTPAJBHUX ATOMIB BIJl TAHTAJIOBOI'O KATOJA

B.C. bonoacos, A.1. Ky3emuuee, M.C. Menvnuuenxo, B.M. Illynace

BukoHaHO KiHETUYHE MOJIETIOBAHHS BUCOKOBOJIBTHOTI'O IIPOMEHEBOT0 PO3PSAY IIPH HU3BKOMY THCKY a30Ty. Po3-
paxoBaHi XapaKTepUCTHKU MOTOKIB YACTHHOK JI0 TAHTAJIOBOTO KAaToJa 1 3BOPOTHE BiJOUTTS MIBUAKUX aTOMIB a3oTy.
KoeoimienT BiIOUTTS NOPIBHIOE JecsaTKaM BiACOTKIB mpu Hampysi mo 100 kB. I'eHepariisi mIBHIKMX aTOMiB a30Ty
MOXe OYTH BUKOpUCTaHa ISl a30TYBaHHs METAJIB 1 JAIENEKTPHUKIB 3 IMIUIAHTAI[IIHHIM e(EeKTOM.
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