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The temperature of gaseous neutrals in capacitively coupled discharges of chlorine, argon, and
hydrogen has been measured using optical emission spectroscopy. This has been accomplished by
adding small amounts of nitrogen to the ambient. The temperature can then be obtained by fitting
the unresolved second rotational positive band of nitrogen. It has been found that the gaseous
temperature in argon saturates for higher pressures logarithmically, whereas in chlorine, a linear
behavior is observed up to the highest pressures and power inputs. Highest temperatures in chlorine
have been found to be about 1100 °C, whereas in hydrogen, temperatures higher than 500 °C are
rarely observed. Likewise, the effective collision frequency in chlorine increases significantly in the
medium pressure range indicating a change in excitation/dissipation from the regime of stochastic
heating to Ohmic heating, whereas the discharge in the inert gas still remains in the regime of
stochastic heating. The experimental data for the collision frequency of the electrons with neutrals
can be perfectly modeled for chlorine with these reduced gaseous densities. © 2006 American
Vacuum Society. �DOI: 10.1116/1.2198861�

I. INTRODUCTION

In the last decade, it has become evident that the claimed
agreement between the downstream-measured pressure and
the pressure in the plasma reactor has misled to numerous
erroneous conclusions. Mainly, physical properties are con-
cerned which depend on gas density. Among them are tem-
perature Te and density ne of the electrons in first order, and
in second order, properties such as the effective collision
frequency �eff and electrical conductivity � which is propor-
tional to the ratio of ne and �eff. One of the most important
technological parameters, the etch rate, does not increase as
expected with growing power input. Therefore, several meth-
ods have been introduced which allow a direct measurement
of the gas temperature in the plasma bulk. One of the most
promising methods is the excitation of rotational levels of
nitrogen which has been added to the ambient of interest.1–6

Since temperature is statistically correlated to the mean en-
ergy of the ensemble under consideration which follows a
certain distribution �for neutrals: Maxwellian; for electrons:
Maxwellian or Dryvesteynian, but both questionable�, the
most straightforward method to measure gaseous tempera-
tures uses Doppler broadening of spectral lines in emission
or absorption. Provided that the rotational temperature equals
the translational temperature, also the fine structure of elec-
tronic transitions can be used to evaluate gas temperatures. It
is well known from kinetic gas theory and molecular spec-
troscopy that by two-body collisions, a highly frequent ex-
change between the translational and rotational motions
takes place resulting in equilibrium. Hence, rotational spec-
troscopy is a very powerful means to evaluate the transla-
tional energy/temperature of the neutrals. In plasmas, higher
electronic states are occupied by electron impact excitation

which does not affect the ground state distribution, provided
the plasma density is sufficiently low. The gas temperature
will then be evaluated by comparing the experimental and
calculated spectra.

In plasmas, lines are investigated in emission, i.e., transi-
tions from higher electronic energy level to lower electronic
energy level. This transition is connected with a series of
rotational-vibrational bands �E� ,�� ,J�→E� ,�� ,J�, cf. Fig.
1�. In the UV/VIS spectrometers normally used in plasma
diagnostics, the resolution is not sufficient to resolve the fine
structure for rotation, hence we are interested in the transi-
tion �E� ,��→E� ,���.

Davis and Gottscho found that in discharges of nitrogen,
this value equaled the result obtained with induced
fluorescence.7 However, from this first experiment in 1983, it
lasted some 20 years until the huge potential of this method
has been really acknowledged. Recently, Donnelly and
Malyshev,2 Malyshev and Donnelly,3 and Bai and Sawin6

published papers which dealt with inductively coupled
plasma �ICP� discharges of chlorine. In the last decade, we
have analyzed chlorine-containing capacitively coupled
plasma �CCP� discharges.8–13 In ICP discharges, the limiting
factor for power coupling is the skin effect which confines
the plasma density to values of about 1011/cm3.14 In CCP
discharges, excessive electron heating is limited by the si-
multaneous power input into the ambient due to the change
from pure capacitive coupling to capacitive/resistive cou-
pling: In the thick plasma sheath, ions are also heated. Since
the mass ratio between ions and neutrals equals unity, it is
evident that the energy transfer into neutrals is very efficient
in CCPs. Moreover, the effective plasma volume in “simple”
parallel-plate reactors is small compared to ICP discharges
which are mainly driven in the downstream mode, and the
effect of gas heating should be very pronounced in CCPs
�although, in most practical cases, the absolute power inputa�Electronic mail: gerhard.franz@fhm.edu
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