Electron heating in capacitively coupled discharges and reactive gases
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The effective collision frequency eff of electrons in capacitively driven discharges of Ar/ Kr, Cl2
and BCl3 has been investigated using self-excited electron resonance spectroscopy. The most
prominent features are the steep increase of eff at low power inputs in all three gases and a slight
but systematic decrease of eff versus p for Ar/ Kr and BCl3 over the whole pressure range
investigated. At medium pressures, the effective collision rate eff in Cl2 increases by 2 orders of
magnitude which is a clear manifestation for the transition from stochastic to ohmic heating. These
features have been correlated with data gained with a V共I兲 probe. The dependence of the ohmic
discharge resistance is mainly determined by the drastic change of eff rather than by the variation
of electron density ne. © 2005 American Vacuum Society. 关DOI: 10.1116/1.1947201兴

I. INTRODUCTION

II. THEORY

Capacitively coupled discharges are driven by strong electric fields which act through the rf sheath. By several mechanisms of heating, the electrons will gain energy from this
field which is dissipated by various mechanisms into the
plasma. At medium and higher powers, the main part of the
field’s energy is dissipated by ions within the sheath which
leads to a self-limiting behavior of power input.
The main excitation mechanisms are ohmic and stochastic
heating. They can be detected by variation of the electron
energy distribution function 共EEDF兲; in simple cases this
means evaluation of the electron temperature Te. This is justified by the fact that different methods like measuring with
Langmuir probes or trace rare gas optical emission spectroscopy or advanced actinometry deliver the same values for
Te.1 In more complicated systems 共molecular gases like hydrogen or chlorine兲 or in the case of dominating stochastic
heating, however, we find at least two different temperatures.
Thus this effect is more pronounced at low pressures
⬍10 Pa. At higher pressures, an increased collision frequency between electrons and neutrals equalizes this nonequilibrium. Therefore, the effective collision rate is a natural parameter and is measured using self excited resonance
spectroscopy 共SEERS兲. These phenomena are caused by the
different heating mechanisms of the electrons and are therefore of fundamental interest. But also for main applications
as plasma etching and deposition, these mechanisms lead to
discharge mode switching under varying plasma process
conditions.2 Thus also the growing industry’s demands for
more robust plasma processes require a deeper understanding, also predicting the plasma’s behavior in the case of reactive gas mixtures.

At zero order, ohmic heating is characterized by the collision frequency of electrons with neutrals m = nNv̄e 共nN
= density of the neutrals,  = elastic cross section, v̄e
= electronic mean velocity兲 which must be rewritten in the
case of multiple gases, taking into account the dependence of
the cross section on v̄e, and with the discharge pressure p as
the controllable parameter

a兲

Electronic mail: gerhard.franz@fhm.edu
Electronic mail: michael.klick@asinst.com

b兲

917

J. Vac. Sci. Technol. A 23„4…, Jul/Aug 2005

m =

p
p
兺 i nNi共v̄c兲v̄e ,
k BT N i p

共1兲

where i denotes the index and pi the partial pressure of species i, and TN the temperature of the neutrals in K. In several
cases 共H2 and He兲 the dependence of the cross sections of the
neutrals  on v̄e approximately cancels out and then the collision frequency is merely a function of particle density.
At low pressures, when the mean free path approaches the
characteristic length of the reactor, the transfer of energy
from the electric field to the electrons cannot be submitted by
ohmic heating. Due to the relatively small number of collisions, a collisionless mechanism dominates the heating of
electrons. This process is caused by the “breathing” rf
sheath. This movement pushes the electrons back and forth
and transfers energy to them. This possibility of such a
collision-free mechanism for rf discharges, based on the
Fermi acceleration3 was first introduced by Godyak.4–7 Due
to its enormous complexity,8 there is still no really comprehensive and mature theory. A more recent model uses an
extended fluid ansatz leading to pressure heating.9 Despite
the fact that the pressure heating appears to be much more
consistent and will therefore be used for the pure modeling
in this article, both approaches represent different points of
view from the same mechanism. The usual fluid approach
based on the first order moments of the Boltzmann equation
provides for the permittivity
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