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Rotational, Vibrational, and Excitation Temperatures
of a Microwave-Frequency Microplasma

Felipe 1za, Student Member, IEEE, and Jeffrey A. Hopwood, Member, IEEE

Abstract—Integration of microplasma sources in portable sys-
tems sets constraints in the amount of power and vacuum levels
employed in these plasma sources. Moreover, in order to achieve
good power efficiency and prevent physical deterioration of the
source, it is desirable to keep the discharge temperature low. In
this paper, the thermal characteristics of an atmospheric argon dis-
charge generated with a low-power microwave plasma source are
investigated to determine its possible integration in portable sys-
tems. The source is based on a microstrip split-ring resonator and
is similar to the one reported by Iza and Hopwood, 2003. Rota-
tional, vibrational, and excitation temperatures are measured by
means of optical emission spectroscopy. It is found that the dis-
charge at atmospheric pressure presents a rotational temperature
of ~300 K, while the excitation temperature is ~0.3 eV (~3500 K).
Therefore, the discharge is clearly not in thermal equilibrium. The
low rotational temperature allows for efficient air-cooled operation
and makes this device suitable for portable applications including
those with tight thermal specifications such as treatment of biolog-
ical materials.

Index Terms—Excitation temperature, microplasma, microwave
plasma, rotational temperature, split-ring resonator, vibrational
temperature.

1. INTRODUCTION

HERE IS A growing interest in microplasma sources that

can be integrated in portable devices for applications such
as bio-MEM’s sterilization, small-scale materials processing,
and micro chemical analysis systems. Portable operation of mi-
croplasma sources, however, places a limit on the amount of
power and the vacuum levels that can be employed, as well as
on the maximum temperature the discharge can reach.

For portable applications it is desirable to operate the dis-
charges at atmospheric pressure since this eliminates the need
for vacuum pumps. Micropumps increase the final cost of the
system, are inefficient in achieving high vacuum levels, and
may reduce the overall system reliability. The temperature of
the atmospheric discharge, however, should remain low to pre-
vent erosion and melting of the source. Given the small dimen-
sions of these devices, even damage on the order of microns,
that could be tolerated in large-scale sources, may become cat-
astrophic and make the microdevice inoperable in short periods
of time [1].

Operation at atmospheric pressure has been achieved with a
variety of microfabricated plasma sources. The dc sources [1],
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[2] are simple to fabricate but present a limited lifetime due
to sputter erosion of the microelectrodes. This electrode ero-
sion has been exploited, however, to detect metals using mi-
crofabricated liquid electrodes [3]. Microhollow cathodes op-
erating at high pressure have also been investigated. They typ-
ically produce intense discharges rich in UV radiation [4], [5].
These discharges, however, exhibit discharge (gas) temperatures
in the order of thousands of Kelvin [6], which limits their life-
time and their application in portable devices. Dielectric barrier
discharges (DBD) are also the subject of intense research for
their simplicity and extensive use in plasma displays [7]. Dielec-
tric and resistive barrier, as well as corona discharges, are also
being investigated for use in biological and environmental appli-
cations [8]-[10]. Sources operating with radio-frequency (RF)
power at atmospheric pressure have also been investigated. Ex-
amples of these are the capacitively coupled plasma source [11]
and the plasma needle [12]. Plasma sources operating at mi-
crowave frequencies and atmospheric pressure have also been
miniaturized [13]-[15].

It was suggested in [15], that the discharge obtained by a low-
power microwave plasma source based on a split-ring resonator
remained cool at atmospheric pressure. This paper studies the
thermal characteristics of a discharge generated with a similar
device. This microplasma source differs from that reported ear-
lier [15] in that the matching network has been eliminated and
the discharge gap size has been reduced from 500 to 120 pm.
These modifications result in a more compact design with im-
proved performance at high pressures.

Rotational, vibrational, and excitation temperatures have
been measured by means of optical emission spectroscopy for
pressures varying from 1 torr (133 Pa) to atmospheric pressure.
The spectrum analysis shows that the discharge presents an
excitation temperature of ~0.35 eV and that the population of
the vibrational states and the excited atomic levels for an at-
mospheric discharge presents an overpopulation of low-energy
levels. The rotational temperature at atmospheric pressure is
~300 K which agrees with the initial observations reported in
[15].

II. EXPERIMENT

A. Microplasma Generator

The plasma source used in this paper consists of a microstrip
split-ring resonator as shown in Fig. 1. The ring resonator is
a half wavelength in circumference, and it is in the small gap
of the split-ring resonator that the plasma is ignited. The max-
imum voltage difference in the device occurs across the gap,

0093-3813/04$20.00 © 2004 IEEE
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Fig. 1. Picture of the microwave plasma source. Top view of the microstrip
structure. Frequency of operation ~825 MHz.
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Fig. 2. Reflection coefficient (S11, in decibels) measured with a HP8714ET
network analyzer.

favoring the discharge breakdown in this region, while mini-
mizing losses in the rest of the device [15]. Although unneces-
sary for its operation, an additional quarter-wave structure has
been added in the center of the ring to dc bias the resonator. This
central, spiral-shaped transmission line is electrically grounded
so that the resonator’s microstructure has a well-defined dc po-
tential (0 V).

The device was fabricated on RT/Duroid 6010.8 laminate,
which consists of a 635-um-thick dielectric coated with 9-pm
-thick copper on both sides. The dielectric material is made out
of ceramic-reinforced teflon with a relative dielectric constant
of 10.8. The microstrip pattern is transferred using photolithog-
raphy and wet etching techniques, and a subminiature type A
connector (SMA) is attached perpendicular to the microstrip to
deliver power to the plasma generator. The power is directly
coupled into the resonator at a point on the ring where the input
impedance of the resonator matches that of the power supply
(50 €2). This eliminates the need for matching networks, such as
those used in other microfabricated microwave plasma sources
[13]-[15], resulting in a more compact design without sacri-
ficing performance.

Fig. 2 shows the reflection coefficient (s11) of the device (in-
cluding the SMA connector) measured with a HP-8714ET net-
work analyzer. From the reflection coefficient, a measure of the
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Fig. 3. Ignition power versus pressure for argon.

quality factor of the device can be obtained as f./Af3 45, where
f. is the resonant frequency and Afs g the bandwidth where
the reflection coefficient increases by 3 dB from its value at res-
onance [16]. From Fig. 2, the ratio f./Afs 45 for the device is
~480, which is of the same order of magnitude than that of a
previous microwave source based on a split-ring resonator [15].
The plasma source has a gap size of 120 ym. As long as the
coupling between the two ends of the resonator is negligible,
a smaller gap size produces a higher electric field in the gap
region for the same input power. A higher electric field provides
better performance particularly at high pressure. Fig. 3 shows
the power needed to ignite an argon discharge as a function of
pressure and compares it with a similar device with a wider gap
(500 pem) [15]. A minimum in the ignition power occurs around
5 torr (666.4 Pa), the pressure at which the power absorbed by
the plasma is maximum for a given electric field (i.e., w = v
[17], where w is the frequency of excitation and v the electron
collisional frequency). The advantage of the increase in electric
field strength afforded by the smaller gap is clearly evident in
Fig. 3. At higher pressures, the plasma ignites at lower power.

B. Experiment Setup

Once the device has been fabricated and the SMA connector
bonded, it is attached to a glass tube that acts as a vacuum
chamber. The glass tube is terminated in a metal flange that
attaches the tube to a vacuum manifold (see [15, Fig. 4] for a
schematic of a similar experiment setup).

The gases used for the experiments are high purity argon and
nitrogen, and a mechanical pump is used to create vacuum in the
chamber when needed. A capacitance manometer measures the
pressure in the chamber and a needle valve at the inlet allows
one to vary the pressure by altering the gas flow. For pressures
higher than 10 torr (1.33 kPa), a calibrated convectron pressure
gauge is used to measure the gas pressure.

A signal generator (HP-8656A) and a 3 W linear RF amplifier
(ENI-603L) are used to supply power to the plasma source. A
dual directional coupler and a RF power meter are used to mea-
sure the forward and reflected power. In this paper, the plasma
power is reported as the difference between the forward and re-
flected power.
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The optical emission from the plasma is collected using a
20-mm-diameter lens placed next to the discharge. The col-
lected light is focused into a quartz optical fiber bundle and
transmitted to a Jarrel-Ash diffraction grating monochromator.
An optical multichannel analyzer (OMA) consisting of a 1024
pixel Si-photodiode array detector (EG&G 1453A) and a con-
troller (EG&G 1451) is used to record the emission spectra. The
OMA can detect light emission with wavelengths in the range of
3000 to 10000 A, and the optical transmission as a function of
wavelength has been corrected using a calibrated optical power
meter.

III. TEMPERATURE DETERMINATION FROM OPTICAL EMISSION

Optical emission spectroscopy is particularly convenient for
the study of microdischarges since Langmuir probe measure-
ments are unreliable given the size of the discharge. It is also
a nonintrusive and inexpensive means to determine the various
temperatures in the discharge by analyzing line and band emis-
sion intensities.

The split-ring resonator discharge is not in thermal equilib-
rium and, therefore, different temperatures can be defined to
characterize the electron energy distribution (electron tempera-
ture), the population of atomic excited states (excitation temper-
ature), and the population of vibrational and rotational molec-
ular states (vibrational and rotational temperature).

Inherent in all the temperature calculations is the assump-
tion that the electron energy distribution function follows a
Maxwellian distribution. In our discharge, the electron tem-
perature (T, ~ Texe ~ 1eV) is significantly lower than the
threshold energy for excitation and ionization (11.5 eV and
15.8 eV, respectively, for argon). Therefore, one should expect a
depopulation of high-energy electrons as aresult of excitation and
ionization processes. Nevertheless, even when electrons do not
follow a Maxwellian distribution, it is still possible to calculate a
temperature that fits the experimental data. One, however, should
be aware of its meaning and limitations. In fact, the further one
departs from the thermodynamic equilibrium condition, where
all processes are in detailed balance [18], the more diffused the
notion of temperature becomes. In many cases, it is necessary to
define two-temperature distributions functions to better describe
the population of different energy states.

Excitation and vibrational transitions are primarily domi-
nated by electron collisions and, therefore, their populations
provide some insight into the electron temperature. On the other
hand, since electrons are inefficient in providing rotational
energy to molecules due to their small mass, the population of
rotational states is controlled by collisions with heavy particles.
Therefore, the rotational temperature is an estimate of the
heavy particle (gas) kinetic temperature.

A. Excitation Temperature

The excitation temperature describes the population of
atomic excited states assuming that this follows a Boltzmann
distribution. Taking into account the degeneracy of each atomic
state, the population is given by [19, p. 191]
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where n, and n; are the number densities of atoms in the excited
levels u and [, respectively, E; and E,, the energies of the states,
gy and g the statistical weights (degeneracy), k the Boltzmann’s
constant, n the sum of number densities in all states, Z the
atomic partition function, and Ty, the excitation temperature.
From the above expression, it is possible to determine the ex-
citation temperature once the populations of two or more states
are known.

The population of a state can be determined from the optical
emission spectrum. Each emitted atomic line can be identified
with a transition from an upper energy state u to a lower one /.
The line intensity associated with the transition is proportional
to the number density of atoms in the upper state, the probability
of the transition (Einstein coefficient A) and the energy of the
emitted photon [19, p. 281]

Iul X hl/ulAulnu X
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where his Planck’s constant, vy, the frequency of the emitted
photon, A, the wavelength of the emitted photon, A,,;; the Ein-
stein coefficient, and n,, the number density of atoms in the ex-
cited state u. Therefore, the slope of a plot of the natural loga-
rithm of “Iyyy A1/ (guAu)” versus the energy of the upper state
of the transition (E,) is inversely proportional to the excitation
temperature. Such a plot is referred as a Boltzmann plot. The
data (wavelengths, energies, statistical weights, and transitions
probabilities) of the observed argon lines used in this paper were
obtained from [20].

B. Vibrational Temperature

The vibrational temperature describes the population of
the vibrational states of molecular species. As in the case of
excitation temperature, the population is assumed to follow a
Boltzmann distribution and the same procedure is followed to
determine the vibrational temperature. In this case, however,
the Frank—Condon factors for vibrational transitions replace the
Einstein coefficients and are used to construct the Boltzmann
plot. Since argon is an atomic gas, a 0.1% trace of nitrogen was
introduced in the discharge and the vibrational temperature of
the nitrogen determined. Because pure vibrational transitions
emit in the infrared and cannot be detected by the silicon OMA
detector, the first and second positive systems of nitrogen
B3, — A3X} and C3I, — B®Il,, respectively) that
emit within the spectral detection band have been used for
this calculation. The sequences Av = —1,..., —4 of the first
positive system and Av = 0,...,5 of the second positive
system have been used for this calculation, where Av indicates
the difference in the vibrational quantum number v of the
energy levels involved. Overlapping transitions have been
disregarded for the calculation and band-head wavelengths and
Frank—Condon factors were obtained from [21].

C. Rotational Temperature

The rotational temperature describes the population of the ro-
tational levels in molecular species. The distribution, unlike that
of vibrational levels, is not given by a pure Boltzmann distribu-
tion. Each rotational level has a different statistical weight due
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Fig. 4. Example fit of rotational temperature to experimental data. Dots: Experimental data. Solid line: Fit.

to the (2J 4 1)-fold degeneracy of the states, where J is the total
angular momentum of the molecule. Therefore, the thermal dis-
tribution of the rotational states will be given by the product of
the Boltzmann factor exp(—E/kT) times the statistical weight
(2T 4+ 1) [22, p. 124].

The Jarrel-Ash monochromator used in this paper does not
resolve the rotational structure, so in order to calculate the ro-
tational temperature, we have fitted the experimental data with
a theoretical calculation that takes into account the instrument
line broadening of the spectrometer. The spectrum as a function
of the rotational temperature is calculated using the R (AJ =
1), P (AJ —1) and Q (AJ 0) branches of the rota-
tional structure for each vibrational transition and then con-
volved with the instrument broadening function. The instrument
broadening is determined experimentally from the profile of a
neighboring argon atomic line (3834.7 A). Neglecting spin split-
ting and A-doubling, the intensity of a transition from a J’ state
to a J” state is given by [23, p. 127]

Iy_yr=c SJ/_J” ex — EJ/
J -y = \ p KT,
7 ” Be_ e ! l JI JI 1
Y L _(Be—ae (V'43)) J(V+1)
/\4 k Trot

where c is a constant for a given electronic+vibrational transi-
tion, Sj._j. is the Honl-London factor for the transition that ac-
counts for the degeneracy of the states, A the wavelength of the
emitted photon, Ej/ the energy of the upper level of the transi-
tion, B,, and a, rotation molecular constants [22, p. 552], v’ and
J/ the vibrational and rotational quantum number of the upper
state, and T, the rotational temperature.

A rotational temperature for each of the Av = 0, Av =1
and Av = 2 sequences of the second positive system (C3II,, —
B311,) has been calculated. Measured spectra and a typical nu-
merical fit are shown in Fig. 4.

IV. RESULTS AND DISCUSSION

A. Excitation Temperature

Fig. 5 shows the excitation temperature as a function of pres-
sure for a 99.9% argon discharge. Excitation temperature re-
duces from 0.4 to 0.3 eV as the pressure is increased from 1
torr (133.3 Pa) to atmospheric pressure. These values are in
agreement with the excitation temperatures reported in [12] for
a low-power atmospheric argon discharge. The error bars in the
figure reflect the standard deviation of the measurements. No



502

0.7.)
S 0.5
N2
1
g
(53
[=9
£
= 025
0 T T T
1 10 100 1000
Pressure (torr)
Fig.5. Excitation temperature versus pressure for argon discharge with a 0.1%
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Fig. 6. Nitrogen vibrational temperature for the first and second positive
systems versus pressure for a 99.9% Ar-0.1% N, discharge at 0.3, 0.6 and
1.0 W.

power dependence was observed when the power was varied
from 0.3 to 1 W.

B. Vibrational Temperature

Excitation (Fig. 5) and vibrational (Fig. 6) temperatures
present a similar trend as a function of pressure and power
since both are primarily controlled by the same mechanism,
i.e., electron collisions. The vibrational temperatures obtained
from the first and second positive bands, however, differ signif-
icantly one from the other. This is yet another indication of the
nonequilibrium condition of the discharge. Vibrational states in
the lower electronic state (B*II,) present a higher vibrational
temperature than the vibrational states in a higher electronic
state (C3II,). The vibrational temperature obtained from the
second positive system (high-energy states) is comparable with
the argon excitation temperature.

Fig. 7 shows the relative population of argon and nitrogen ex-
cited states (n,, ) as a function of energy with respect to the argon
and nitrogen ground states for a 1 W Ar discharge at atmospheric
pressure with a 0.1% trace of Ns. The relative populations of

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 32, NO. 2, APRIL 2004

argon and nitrogen have been adjusted taking into account their
different partial pressures in the discharge. The population of
states resembles that of a discharge in excitation saturation bal-
ance (ESB) [18], where low-energy states are overpopulated due
to the step-like ionization and excitation processes. An addi-
tional fit of the excitation temperature for argon excited levels
with energies above 14 eV shows a higher excitation tempera-
ture (0.79 eV) than a fit including lower energy states (0.32 eV),
which suggests that levels below 14 eV are not in Saha equilib-
rium [18], [23].

C. Rotational Temperature

Fig. 8 shows the rotational temperature as a function of
pressure for a 99.9% Ar—0.1% N, discharge at different power
levels. The values presented are the average values of the
rotational temperatures obtained from a fit to the Av = 0,
Av =1, and Av = 2 sequences of the second positive system
of nitrogen. The standard deviation of the three numerical fits
sets a maximum error of +/—50 K. The rotational temperature
at 1 torr (133.3 Pa) and input power larger than 600 mW is not
displayed because it cannot be obtained due to an impedance
mismatch.

For the experimental conditions shown in Fig. 8, the rota-
tional temperature shows no significant power dependence. Al-
though the discharge temperature might be expected to increase
with power, it is important to notice that the size of this discharge
is not constrained by a plasma chamber. Therefore, as the power
is increased the volume of the discharge also increases such that
the power density is approximately constant. As a result, the ro-
tational temperature does not increase with power.

As shown in Fig. 8, increasing the pressure up to 10 torr
(1.3 kPa) results in an increase of the rotational temperature.
This can be attributed to a higher electron-neutral collision
frequency that increases the energy transfer from electrons
to heavy particles. The maximum rotational temperature is
obtained at 10 torr, however, any further increases in pressure
result in a lower rotational temperature. This behavior is
attributed to the fact that, as pressure is increased, the discharge
volume constricts into the 120-um gap of the microstrip line.
The constriction is shown in the photographs of Fig. 9. Because
the constricted discharge has a much greater ratio of surface
area to discharge volume, heat is readily transferred to the
microstrip line and substrate. At low pressure, heat transfer to
the substrate is the primary thermal loss mechanism. Nearer
to atmospheric pressure, heat is also removed from the dis-
charge zone by simple gas conduction and convection. These
three mechanisms act to maintain the atmospheric pressure
microplasma at or near room temperature [12].

V. CONCLUSION

The excitation, rotational, and vibrational temperature of an
argon discharge with a 0.1% trace of nitrogen have been studied
for a variety of pressure and power conditions by optical
emission spectroscopy. The plasma source used in this paper is
a low-power microwave plasma source based on a microstrip
split-ring resonator similar to the one recently reported in [15].
This source has a much smaller discharge gap (120 pm versus
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500 pm), which improves the performance at high pressure,
and its design eliminates the need for a matching network.
Therefore, a more compact and yet more efficient device has
been obtained.

The plasma generated with this device is clearly not in
thermal equilibrium even at atmospheric pressure due to the
different values measured for the excitation, vibrational, and
rotational temperature. The population of the vibrational
states and the excited atomic levels show a typical excitation
saturation balance profile, i.e., overpopulation of low-energy
levels due to the step-like excitation/ionization process.

The rotational temperature measurement shows that the

Fig.9. Microplasma operationin a 99.9% Ar—0.1% N discharge at 0.3 W. (a)
Discharge is relatively large and diffuse at 10 torr (1.3 kPa). (b) At atmospheric
pressure the microdischarge is localized near the gap in the split-ring resonator.

discharge is hottest (~400 K) at intermediate pressures
(10-100 torr) for a given input power. The temperature at
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atmospheric pressure, however, is around room temperature
(~300 K) for input powers less than 1 W. So, although this
discharge has intense optical emission reminiscent of an arc,
the microwave microplasma is a nonthermal discharge that is
well suited for low-power, portable applications.
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