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Energy distributions of particles striking the cathode in a glow discharge
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Charge-exchange collision in the cathode fall region of an abnormal glow discharge is assumed to be the
mechanism which limits the energy of the ions and generates the energetic neutrals bombarding the
cathode. The model used by W. D. Davis and T. A. Vanderslice [Phys. Rev. 131, 219 (1963)] for the cal-
culation of the ion distribution was not applied to calculate the distribution of neutrals. A transport formu-
lation is proposed that allows the calculation of both the distributions of energetic ions and fast neutrals.

In a pioneering work, Davis and Vanderslice! measured
the energy distributions of ions bombarding the cathode in
abnormal glow discharges. They also modeled these distri-
butions and remarked on the role of charge-exchange col-
lisions between energetic ions and the atoms of the
discharge gas in reducing the effective length over which the
ions accelerate. These collisions take place in the dark space
or cathode-fall region. The basic model proposed in Ref. 1,
and the good agreement between the measured and calculat-
ed ion distributions, has been of interest to many research-
ers.? The energy distribution of fast energetic neutrals was
not calculated in Ref. 1.

Interest in gas discharges has been recently renewed be-
cause of applications in dry etching and thin-film deposi-
tion.>* Some of the stages in the deposition process have
already been modeled by us, including the energy distribu-
tions of sputtered fluxes at given distances from the target,’
the spatial profiles of sputtered particles diffusing in the gas
phase,® and the calculation of thickness profiles of deposited
films.” Full characterization of a plasma etching or sputter-
ing system requires the knowledge of the energy distribu-
tions of energetic particles bombarding the cathode in the
discharge, since they determine the sputtering rate of the
target thereby located.*3-11

Several papers®!? attempt to tackle the calculation of the
energy spectra of neutrals and/or ions, occasionally modify-
ing some of the assumptions proposed in Ref. 1. These cal-
culations are not always transparent in the application of the
statistics of the collision processes. It turns out that a sim-
ple formulation, to be presented here, allows calculation of
both the energy distribution of energetic ions and neutrals.
Our formulation reproduces the ion distributions derived in
]

Refs. 1, 9, 11, and 13, whereas the distributions of neutrals
are at variance with the results derived in Refs. 10 and 12
and are more general than the calculations of Ref. 9.

In abnormal glow discharges, the major part of the pri-
mary ionization processes take place in the negative-glow re-
gion.!*5 Ions leaving this region with thermal energies feel
the electric field and accelerate towards the cathode. The
mean free path for symmetric (resonant) charge-exchange
collisions A is roughly constant over the energy range of in-
terest.! Take one singly charged ion (a primary or
‘‘source” ion) at rest at the interface between the negative-
glow and the cathode fall regions of the discharge, the plane
x=0. Let A(x,E)dE be the probability of finding an ion at
x with kinetic energy in the interval (E,dE). This ion may
either be the accelerated source ion, or an ion generated in
a sequence of collisions initiated by the source ion. If Jj
(ions cm~2s7!) is the ion flux at x=0, then the ion
current density at x, with energy in the interval (E,dE), is
JoA (x,E)dE. The spatial evolution of 4 =4 (x,E) is given
by
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The first term on the right-hand side is due to the accelerat-
ing field. e=1.6%x10""' C is the electron charge and ¢(x)
is the electric potential in the dark space. The effect of
charge-exchange collisions is to reduce the number of ener-
getic ions (the term —A4/\) and to increase the number of
ions generated at rest [the source term 8(E)/\, where & is
Dirac’s deltal.

With the initial condition 4 (0,E) = 8(E) corresponding to
the source ion initially at rest, the solution of Eq. (1) is

A(xE) =exp( = x/NB(E +eg(x)) + [ (ax'/0) expl = (x = x)/AIS(E +e($(x) = $(x))) . @

The first term in Eq. (2) represents the contribution of the
source ion that has not undergone any collision from x =0
up to x, while the second term is the contribution due to
generated ions. Since there is only one ion at any Xx, per
source ion starting at x =0, the distribution is normalized,

E
JiraEaE =1, 3)
where
E,=—e¢(x) 39
28

ils the kinetic energy of a singly charged ion that travels
from x =0 to x without colliding.

More explicitly, integrating Eq. (2) the distributions are
given by

A(x,E) =exp(—x/\)8(E —E,,)
+Ired'(x0)] texpl — (x —x¢)/A] , )

where E<E,, ¢'=|d¢/dx|, and x; is the root of
ep(x')=FE—E,. The complicated spatial dependence of
the electric potential in the dark space is generally approxi-
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FIG. 1. Energy distributions of ions and neutrals, normalized to
one ion entering the dark space at x =0. Solid line: ions, from Eq.
(2') (only the second term has been represented). Dashed line:
neutrals, from Eq. (5). Dimensionless units in both axes are based
on the maximum energy E,,, Eq. (3’). For linear electric field vari-
ation in the dark space and a ratio x/A =10.

mated by a linear® ! or quadratic!-'%-13-!7 varjation with dis-
tance. The distributions in Eq. (2’) coincide with those
given in Refs. 1, 9, 11, and 13. In general, they are mono-
tonically decreasing functions of energy for x/\ > 1 (cf. Fig.
1), and reverse trend for x/\ <1 (cf. Fig. 4 in Ref. 1 and
Fig. 3 in Ref. 11).

Hosokawa!® proposes different models for the cases A > x
and A <x. Owing to the use of erroneous attenuation fac-
tors in both cases, to treat the collision statistics, his results
do not coincide with ours. It should be noted in this con-
nection that Eqs. (1)-(2°) are valid irrespective of the value
of the ratio x/\.

Every charge-exchange collision in the dark space ori-
ginates an energetic neutral with the energy of the parent
ion. This neutral is assumed to proceed without colliding.
The energy distribution of the neutrals B(x,E), per source
ion, is given by the evolution equation

9B(x,E) _ A(xE)
dx A
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With the initial condition B(0,E) =0, one gets

B(xE)= [ (ax'/NA(E) ©)

where A is given by Eq. (2). The total number of neutrals
at x, per source ion, follows from Egs. (3) and (5),

E
J." dE B(xE)=x/x . ©)

This is an obvious result since A~! represents the average
number of collisions per unit distance in a Poisson process!®
and an energetic neutral is generated in every collision.

The distributions calculated from Eq. (5) are monotoni-
calty decreasing functions of energy in the range of parame-
ters of interest (x/\ = 1). One particular case is plotted in
Fig. 1. Some papers® %12 have attempted to derive the dis-
tribution B, but the results in Refs. 10 and 12 differ from
the ones given above. Only the uniform field case was
treated in Ref. 9.

The physical origin of the distributions in Egs. (2) and
(5), as multiple-collision processes, can be made explicit by
means of a discretized model where those results are ob-
tained as a superposition of all possible sequences of events
initiated by a given ion, comprising from zero up to an in-
finite number of collisions.? 1920

When the distributions of fast neutrals are calculated
from Eq. (5), it turns out that, under pressure conditions
such that x/\ >> 1, the sputtering rate in discharge systems
may be dominated by energetic neutrals which are much
more abundant than the secondary ions striking the target
located at the cathode. In the particular example of Fig. 1,
this result is clear when both energy distributions of ions
and neutrals are compared. Details of these results, which
are of interest in applications, will be given elsewhere.®
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