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and Ar(4s[3/2]g) in inductively coupled plasmas
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Sapporo 060-8628, Japan
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Toyohira-ku, Sapporo, 062-0053, Japan

We compared the translational temperatures of He(lP‘l’), He(®S ), and Ar(45[3/2]5) in low-pressure induc-
tively coupled plasmas. We employed laser absorption spectroscopy for measuring the Doppler broadening
widths of the transition lines, and they told us the translational temperatures of the three electronic excited
states. From the comparison between the temperatures of He(‘P‘l’) and He(’S ), we confirmed that the
metastable 3S; state can work as the probe for the temperature measurement of the ground-state helium
atoms. We observed higher temperatures for Ar(4s[3/2]5) than He(’S ) in helium-argon mixture plasmas
with total pressures less than 80 mTorr. The higher Ar(4s[3/2]5) temperature is considered to be due to the
selective heating of argon by the charge exchange collision with Ar*.

1. Introduction

The gas temperature is an important parameter in low-temperature plasmas. It directly affects
the density of neutral species if the gas pressure is controlled at a constant value. The density
of neutral species affects the electron temperature and the electron density in the plasma.?
Accordingly, the gas temperature links with the basic plasma parameters in low-temperature
plasmas. When the plasma is produced using molecular gas, the densities of reactive radi-
cals are affected by the gas temperature, since the production process of reactive radicals is
governed by electron impact dissociation of neutral species in low-temperature plasmas. In
addition, the rate coefficients of chemical reactions between neutral species are sensitive to
the gas temperature. Since the transport of neutral species works as a major thermal flux to the
material surface, the gas temperature also influences the rates of surface reaction processes.
Hence, the gas temperature is especially important when a low-temperature reactive plasma

is utilized for material processing.

*Corresponding author, E-mail: sasaki @qe.eng.hokudai.ac.jp
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Various methods are used for measuring gas temperatures in low-temperature plasmas. A
widely used method is based on the assumption that the translational temperature of a molec-
ular species is equal to its rotational temperature.>~” Thanks to spectral simulation software
such as Specair and Lifbase, in the case of diatomic molecules, it is quite easy for researchers,
who do not have deep knowledge of molecular spectroscopy, to estimate the rotational tem-
perature by observing the optical emission spectrum. However, the optical emission spectrum
of an diatomic molecule tells us the rotational temperature of an electronic excited state. If we
use broadband absorption spectroscopy,®'? laser absorption spectroscopy,!!*!? laser-induced

fluorescence,'*™'” and laser Raman scattering,'$2%

it is possible to measure the rotational
population distribution of the electronic ground state, and in this case we can estimate its
rotational temperature. However, we still need the assumption that the rotational temperature
of the electronic ground state is equal to the translational temperature of the molecule.

The measurement of the translational temperature is possible by measuring the Doppler
broadening width of the transition line. We can measure the spectral profile of an optical emis-
sion line using a Fabry-Perot interferometer with a fine spectral resolution.?'-?> However, the
Doppler broadening width of the spectral profile represents the translational temperature of an
electronic excited state. Laser absorption spectroscopy is the method with the finest spectral
resolution for measuring the spectral line profile. The spectral line profile of a vibrational-
rotational transition, which is detected using a mid-infrared diode laser, can be used for mea-
suring the translational temperature of a molecular species at the electronic ground state.>?
The measurement of the spectral line profile of the resonance line of an atomic species is
possible only for metal atoms®*2% and silicon,?” since commercially available tunable laser
sources are limited in infrared, visible, and ultraviolet wavelength ranges. In the case of light
elements and rare gases, the lower energy state of the transition line in laser absorption spec-
troscopy is usually a metastable state,® 3! and we need to check the coincidence between the
temperatures of the metastable and ground states. In addition, in the case of a plasma with
multiple neutral species, it is doubtful whether the temperature of an atom or a molecule is
the representative gas temperature or not, and we need to check the coincidence among the
translational temperatures of multiple species.

In this work, we adopted laser absorption spectroscopy for the measurement of the gas
temperature in an inductively coupled plasma source. We measured the translational temper-
atures of He(lP‘l’), He(3S ), and Ar(4s[3/2]5). The lP‘l’ state of helium is a radiative state,
whereas the 3S | and 4s[3/ 2]3 are metastable states of helium and argon, respectively. Since

the temperature of the He(' P9) state is considered to be equal to the temperature of the ground
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state because of the radiation trapping process, we examined the validity of the metastable
3§ state as the probe for the gas temperature measurement by comparing the temperatures of
He(' P?) and He(*S ). In addition, after checking the validity of He(*S ;) for the measurement
of the helium temperature, we compared the temperatures of the metastable states of helium
(3S ) and argon (4s[3/ 213) in helium-argon mixture plasmas. We compared the temporal vari-
ations of the translational temperatures, and we discussed the heating kinetics in the mixture

plasma.

2. Experiment

The experimental apparatus is shown in Fig. 1. Helium or helium-argon mixture plasma was
produced in a cylindrical vacuum chamber with a diameter and a height of 26 cm. A one-
turn rf antenna was inserted into the vacuum chamber, and it was connected to an rf power
supply at 13.56 MHz via a matching circuit. The rf antenna was electrically insulated from the
plasma by covering its surface with glass fibers. The vacuum chamber was evacuated using a
turbo molecular pump below 4 x 1076 Torr. After the evacuation, pure helium or the mixture
of helium and argon was introduced into the vacuum chamber via mass flow controllers. The
flow rate of helium was 73 sccm in the pure helium discharge. The flow rate of helium was
kept at the same value in the helium-argon mixture plasma, and we added argon with a smaller
flow rate to realize the partial pressure ratio of Py, : Pa, = 20 : 1. This partial pressure ratio
was chosen to realize similar absorption strengths at the *S | = PJ transition of helium and the
4s[3/2]3 — 4p[3/2], transition of argon. The gas pressure was measured using a capacitance
manometer, and it was controlled by controlling the pumping speed using a gate valve.

We used three tunable diode lasers in this experiment. The wavelengths of the diode lasers
were 667.82 nm (for the absorption from the ' P to ' D, states of helium), 1082.91 nm (for
the absorption from the 3S; to 3P8 states of helium), and 763.51 nm (for the absorption from
the 45[3/2]3 to 4p[3/2], states of argon). Two of the three diode lasers were installed in the
system shown in Fig. 1. The two diode laser beams were superposed on the same optical axis
using a beam splitter. The superposed laser beams were introduced into an optical fiber, and
it guided the laser beams to the vacuum chamber. The laser beams yielded from the optical
fiber were collimated, and they were injected into the plasma. The laser beams transmit-
ted through the plasma were separated into two optical passes using another beam splitter,
and they were detected using photodiodes. Interference filters which had the transmissions
at the laser wavelengths were placed in front of the photodiodes. In this way, we measured

the optical absorption at the two transition lines at the same position in the plasma. In the
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measurement in the steady-state plasma, we observed the optical absorption spectra of the
two transition lines simultaneously. The wavelengths of the two diode lasers were scanned
slowly with time, and the variations of the transmitted laser intensities were recorded using
an oscilloscope. The variations of the laser wavelengths were measured using Fabry-Perot
spectrum analyzers. For measuring the temporal variations of the absorption spectra in the
pulsed plasma, which had a duration of 100 ms and a repetition frequency of 5 Hz, we mea-
sured the temporal variation of absorption at a fixed laser wavelength in a transition line. The
measurement of the temporal variation of absorption was repeated at various wavelengths, so
that we obtained the temporal variation of the absorption spectrum. The measurements of the
absorption spectra in the afterglow were possible for metastable He(*S ;) and Ar(4s[3/ 219),
whereas it was impossible for radiative He(' P9) because of the low density. A longer time
was necessary to complete this complicated measurement, and the measurements at the two
transition lines were not simultaneous. The powers of the diode laser beams were lower than

50 uW, which was weak enough to avoid the saturation of absorption.

3. Spectral analysis

The absorption spectrum thus obtained was fitted with theoretical spectrum to deduce the
translational temperature. We employed a Voigt profile for the theoretical spectrum in the
spectral fitting of the ' P{—' D, transition line of helium. This is because the natural broadening
width of this transition is approximately 0.3 GHz, which is not negligible in comparison
with the Doppler broadening width (~ 3 GHz). The difference between the gas temperatures
deduced by assuming the Voigt and Gaussian profiles was approximately 10% in the ' P9 —!
D, transition line. The natural broadening widths of the *S; —* P{ transition of helium and
the 45[3/2]5 — 4p[3/2], transition of argon are 0.015 and 0.017 GHz, respectively. Since
these natural broadening widths are much narrower than the Doppler broadening widths, we
employed the Gaussian profiles for the analyses of the absorption spectra of these transition
lines. We confirmed that the same translational temperatures were obtained by assuming the

Voigt and Gaussian profiles for the 3§ -3 Pj transition of helium.

4. Results

4.1 Comparison between translational temperatures of He(lP‘l’) and He(®S,)
Figures 2(a) and 2(b) show the absorption spectra of the 'P{ = D, and °S; - P{ transition
lines of helium, respectively. The measurements were carried out in a steady-state plasma

produced at an rf power of 700 W and a helium pressure of 50 mTorr. The origins of the
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horizontal axes correspond to the line centers of the transition lines. The vertical axes are
given by — In(/;/l), where I, and I, are the intensities of incident and transmitted laser beams,
respectively. The plots show the experimental results and the solid curves are the fittings using
the Voigt (Fig. 2(a)) and Gaussian (Fig. 2(b)) profiles. The precise fittings were obtained as
shown in Fig. 2. The translational temperatures of 410 and 400 K were deduced for He(' P9)
and He(®S ), respectively, by the spectral fittings.

Figure 3 shows the comparison between the translational temperatures of He(' P9) and
He(®S ). The experimental data were obtained at rf powers between 300 and 700 W and
helium pressures between 20 and 150 mTorr. We observed the increase in the He(lP‘l’) and
He(®S ) temperatures with both the rf power and the helium pressure. As shown in the figure,
almost the same translational temperatures were observed for He(' P?) and He(®S ) at various
discharge conditions of the steady-state helium plasmas.

The evolutions of the translational temperatures of He(lP‘l’) and He(*S) in a pulsed
plasma are shown in Figs. 4(a) and 4(b), respectively. The rf power and the helium pres-
sure were 500 W and 80 mTorr, respectively. The rf power was switched on at the origins
of the horizontal axes, and we observed the temporal variations of the translational tempera-
tures after the initiation of the discharge. The plots are the experimental results, and the solid

curves represent the fittings using

() = T0+AT{1 —exp(g)}, )
where T is the temperature before the initiation of the discharge, AT is the magnitude of the
temperature increase, and 7 is the time constant in the temperature evolution. 7, = 300 K is
assumed in Fig. 4. The experimental results were fitted well by the exponential functions, as
shown in the figure. The time constants 7 were almost the same, and were 1.04 and 1.09 ms
for He(lP‘l’) and He(®S 1), respectively. The magnitude of the temperature increase AT were
150 and 130 K for He(' P¢) and He(*S 1), respectively.

4.2 Comparison between translational temperatures of He(*S;) and Ar(4s[3/2]g)

The absorption spectra of the 4s[3/2]5 — 4p[3/2], transition line of argon were fitted well by
Gaussian functions. We deduced the translational temperatures of He(*S|) and Ar(4s[3/ 219)
in the helium-argon mixture plasmas from the Doppler broadening widths. Figure 5 shows the
translational temperatures of He(*S ;) and Ar(4s[3/ 217) as a function of the total pressure. The
rf power was fixed at 500 W. As shown in the figure, we observed the same translational tem-
peratures at pressures higher than 80 mTorr. On the other hand, when the pressure was lower

than 80 mTorr, the translational temperature of Ar(4s[3/2]3) was higher than that of He(®S ).
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The difference between the temperatures was larger at a lower pressure. Figure 6 shows the
comparison between the translational temperatures of He(*S ;) and Ar(4s[3/ 2]3) observed at
various rf powers and three pressures of 10, 50, and 100 mTorr. We observed the increases in
the translational temperatures with the rf power for both He(*S ;) and Ar(4s[3/ 213). As shown
in the figure, the same temperatures were observed at various rf powers when the pressure
was 100 mTorr. On the other hand, when the pressures were 10 and 50 mTorr, the translational
temperature of Ar(4s[3/2]3) was higher than that of He(S ) at all the rf powers.

Figure 7 shows the temporal variations of the translational temperature and the density
of He(®S ) in the afterglow of a pulsed discharge. The rf power in the discharge phase was
200 W and the total pressure was 50 mTorr. The horizontal axes show the delay time after the
termination of the rf power. The decrease in the density of He(®S ;) shown in Fig. 7(b) was
approximated roughly by an exponential function, and the lifetime of He(*S ) was evaluated
to be 0.32 ms. Figure 8 shows the temporal variations of the translational temperature and
the density of Ar(4s[3/2]3) in the afterglow of the pulsed discharge produced at the same
discharge conditions. The temporal variation of the temperature of Ar(4s[3/2]5) was more
complicated than that of He(®S ), as shown in Fig. 8(a). A steep decrease in the temperature
was observed in the initial afterglow, and after that we observed roughly constant temperature
until 1.5 ms after the termination of the rf power. The decay of the Ar(4s[3/2]3) density
was not approximated by a single exponential function. We observed a higher Ar(4s[3/2]5)
density than that expected by an exponential decrease in the late afterglow. The difference
between the temperatures of He(*S ;) (Fig. 7(a)) and Ar(4s[3/ 213) (Fig. 8(a)) in the discharge
phase was greater than those expected from Figs. 5 and 6, which may be due to the fact that the
two measurements were not simultaneous. The measurement of the Ar(4s[3/2]7) temperature
was carried out after finishing the measurement of the He(*S ;) temperature. The temperature
of the vacuum chamber was higher when we measured the Ar(4s[3/2]3) temperature, and the

Ar(4s[3/2]3) temperature may be affected by the temperature of the vacuum chamber.

5. Discussion

5.1 Validity of translational temperature of metastable state for gas temperature
measurement

The 3S, state of helium is a metastable state. On the other hand, the lP‘l) state of helium is

a radiative state which decays into the 'S state (the ground state) by emitting photons at a

wavelength of 58.43 nm. Since the transition probability of this transition line is 1.8 x 10°

51,3 the ground-state helium atoms absorb the photons and go back to the ' P9 state with
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a high probability. Because of the high exchange rate between the 'P$ and 'S states due to
the radiation trapping, we can expect the same translational temperatures for these states. On
the basis of the coincidence between the translational temperatures of He(lP‘l’) and He(®S )
(Fig. 3), we can say that the translational temperature of the metastable *S | state represents
the translational temperature of the ground state.

The coincidence between the translational temperatures of He(‘P‘l’) and He(®S ) is rea-
sonable considering the mean free path of helium atoms. Since the transition probability of
the forbidden 'S, — S transition is 1.3 x 107 s7!,3? He(*S,) can collide with helium dur-
ing the transport to the chamber wall. The cross section for the collision is estimated to be
2.5 x 107" m? on the basis of the van der Waals radius.*3» This cross section results in a
mean free path of 8 mm at a helium atom density corresponding to a pressure of 20 mTorr
(the lowest pressure in the experiment using pure helium). Since the mean free path is more
than one-order of magnitude shorter than the radius of the vacuum chamber (13 cm), it is rea-
sonable to observe the same translational temperatures for the metastable and ground states.
The coincidence between the temperatures of the metastable and ground states should be ex-
amined in a future work at discharge conditions where the mean free path is comparable to
the radius of the vacuum chamber.

5.2 Mechanism for different translational temperatures of helium and argon

The 4s[3/2]3 state of argon is a metastable state. However, “the metastability” of Ar(4s[3/2]3)
is low in plasmas due to the following reason. The 4s[3/2]7 state is exchanged with 4s[3/2]7
by electron impact (Ar(4s[3/2]9) + € — Ar(4s[3/2]7) + e). The rate coeflicient for this reac-
tion is 2 x 1077 cm?/s.>> Hence, in a plasma with an electron density of 1 x 10'! cm~3, which
is the value measured using a Langmuir probe, the frequency of the exchange between the
45[3/215 and 4s[3/2]9 states amounts to 2 X 10* s™'. The 4s[3/2]9 state decays into the 'S
state (the ground state) by emitting photons at a wavelength of 106.67 nm. Since the transi-
tion probability of this transition line is 1.3 x 10® s!,3? the ground-state argon atoms absorb
the photons and go back to the 4s[3/2]} state. Accordingly, the 45[3/2]3 state is exchanged
with the ground state, and the exchange frequency is higher than the reciprocal of the radia-
tive lifetime of Ar(4s[3/ 2]3).32) Therefore, it is reasonable to consider that the translational
temperature of Ar(4s[3/2]3) represents the temperature of ground-state argon atoms.

As shown in Figs. 6 and 7, we observed higher temperatures for argon than helium when
the total pressure was lower than 80 mTorr. The most fundamental heating process for ground-

state helium and argon is elastic collision with electron, and the energy transfer from electron
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is more efficient for helium than argon because of the smaller mass. In addition, the cross
section for collision between helium and argon is estimated to be 3.4 x 107! m? on the basis
of the van der Waals radii,**** corresponding to a mean free path of 2.4 mm at a pressure of
50 mTorr. Since the mean free path is much shorter than the radius of the vacuum chamber, it
is natural to expect the same temperatures for helium and argon. However, the experimental
result contradicts this expectation.

A hint to understand the mechanism for the different translational temperatures between
helium and argon is seen in Fig. 8(a). The time constant for the decrease in the Ar(4s[3/2]9)
temperature in the initial afterglow is approximately 40 us, which is much shorter than the
decay time constant of the He(*S ) temperature. The rapid decay of the Ar(4s[3/ 213) tem-
perature in the initial afterglow suggests the disappearance of a selective heating mechanism
for argon by the termination of the rf power. We speculate that the charge exchange collision
between argon and Ar* is the selective heating mechanism. As shown in Figs. 7(b) and 8(b),
the density of He(®S ;) was approximately five times higher than that of Ar(4s[3/ 213) in the
discharge phase. Considering the pressure ratio of Py, : Pa, = 20 : 1, the density ratio of the
metastable to ground states is higher in argon than helium, which may be due to the lower
excitation energy of Ar(4s[3/2]9) than He(®S ;). By referring to this experimental result and
considering the fact that the ionization potential of argon is also lower than that of helium, we
can expect that the degree of ionization is higher for argon than helium. If the Ar* temper-
ature is higher than the argon temperature, the charge exchange collision can be a selective
heating mechanism for argon. The cross section for charge exchange collision is 6.1 x 107"
m?,*® corresponding to a mean free path of 2.8 cm at a total pressure of 50 mTorr (the partial
pressure of argon is 2.4 mTorr). This mean free path is one-fifth of the radius of the vacuum
chamber, but it is longer than the mean free path for the collision between helium and ar-
gon. If we assume 0.1 eV for the Ar™ temperature for example, the frequency of the charge
exchange collision amounts to 2.8 x 10* s™!. This collision frequency is consistent with the
time constant (40 us) for the decrease in the Ar(4s[3/2]7) temperature in the initial afterglow.
The total pressure higher than 80 mTorr probably results in similar temperatures of argon and
Ar”" since the mean free path of the charge exchange collision is much shorter than the radius
of the vacuum chamber. In addition, the relaxation of the Ar(4s[3/2]3) temperature by the
collision with helium becomes important at pressures higher than 80 mTorr, and in this case
we observe the same temperatures for helium and argon.

The assumption of the higher ionization degree for argon is consistent with the temporal

variations of the density and the temperature of Ar(4s[3/2]9) in the late afterglow (Fig. 8).
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We can suppose two mechanisms for the higher Ar(4s[3/2]3) density than that expected by an
exponential function in the late afterglow: the decrease in the electron impact quenching rate
due to the decrease in the electron density and the production of argon via three-body recom-
bination between Ar* and low-energy electron (Ar" +e+e — Ar+e). We cannot judge which
process is more important for the higher Ar(4s[3/2]3) density in the late afterglow on the ba-
sis of Fig. 8(b). On the other hand, the roughly constant temperature of Ar(4s[3/2]7) shown
in Fig. 8(a) suggests the existence of a heating mechanism in the late afterglow. The heating
in the late afterglow is consistent with the production of argon by three-body recombination
since it links the argon temperatures to the temperature of Ar*. In contrast to Ar(4s[3/2]5), as
shown in Fig. 7, we detect no signs of the production of helium by three-body recombination

between He™ and electron, suggesting a lower ionization degree for helium than argon.

6. Conclusions

In this work, we compared the translational temperatures of He(lP‘f), He(®S,), and
Ar(4s[3/2]3) in low-pressure (10-150 mTorr) inductively coupled plasmas. From the com-
parison between the temperatures of He(! P?{) and He(®S ), we confirmed that the temperature
of the metastable >S; state represents the temperature of helium at the ground state. We ob-
served higher temperatures for Ar(4s[3/2]9) than He(®S ) in helium-argon mixture plasmas
with total pressures less than 80 mTorr. The higher Ar(4s[3/2]3) temperature is considered
to be due to the selective heating of argon by the charge exchange collision. Similar selec-
tive heating mechanisms may be available in other plasmas, if the plasmas are composed of
atomic and/or molecular species with remarkably different ionization potentials. The present
experimental result could be a remarkable attention to the general assumption that the tem-

peratures of all neutral species are the same in low-temperature, low-pressure plasmas.
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Schematic of experimental setup.
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Fig. 2. Absorption spectra of (a) lP‘I’ ~-'D; and (b) 3S | -3 P{ transition lines of helium in an inductively
coupled plasma with an rf power and a helium pressure of 700 W and 50 mTorr, respectively. The plots show
the experimental results, and the solid curves are the fittings using (a) Voigt (b) Gaussian functions,

respectively.
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Fig. 4. Temporal variations of temperatures of (a) He(' P¢) and (b) He(*S ) after the initiation of the

discharge. The rf power and the helium pressure were 500 W and 80 mTorr, respectively.
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Fig. 5. Temperatures of He(*S ;) and Ar(4s[3/ 2]9) as a function of the total pressure in helium-argon

mixture plasmas. The rf power was 500 W and the partial pressure ratio was Pye : Par = 20 : 1.
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Fig. 6. Comparison between the temperatures of He(®S ) and Ar(4s[3/ 2]3) at three total pressures of 10,
50, and 100 mTorr. The plasmas were produced at rf powers between 100 and 1000 W.
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Fig. 7. Temporal decreases in (a) temperature and (b) density of He(*S 1) in the afterglow of a pulsed
helium-argon mixture discharge. The total pressure was 50 mTorr and the rf power in the discharge phase was
200 W.
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Fig. 8. Temporal decreases in (a) temperature and (b) density of Ar(4s[3/2]9) in the afterglow of a pulsed

helium-argon mixture discharge. The discharge conditions were the same as those in Fig. 7.
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