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Spatially Resolved Measurements of Argon
Metastable (1s5) Density in a High Pressure
Microdischarge Using Diode Laser
Absorption Spectroscopy

Sergey G. Belostotskiy, Vincent M. Donnelly, Demetre J. Economou, and Nader Sadeghi

Abstract—Tunable diode laser absorption spectroscopy was
employed to measure the spatially resolved density of argon
metastables (1s5) in a high-pressure direct-current argon mi-
crodischarge. Analysis of absorption lineshapes provided the gas
temperature. The metastable density peaked near the cathode
and decayed rapidly in the bulk plasma. The metastable density
increased with increasing pressure but decreased with increasing
discharge current. Neutral gas heating and the resulting drop in
gas density were responsible for the metastable density decrease
with increasing current.

Index Terms—Argon microdischarge, atmospheric pressure
microplasma, diode laser absorption spectroscopy, metastable
density, plasma diagnostics.

I. INTRODUCTION

IGH-PRESSURE (hundreds of torr) microdischarges

have attracted much attention recently [1]-[13], due to
numerous applications or potential applications in plasma dis-
play panels, excimer radiation sources, sensors, microreac-
tors, materials treatment and modification, sterilization, plasma
surgery, etc.

Microdischarge diagnostics are indispensable for better un-
derstanding microdischarge physics and optimizing device per-
formance. However, the application of conventional diagnostics
(e.g., Langmuir probes) is complicated due to the small size
(hundreds of micrometers), high operating pressure, and high
power density (tens to hundreds of kilowatts per cubic cen-
timeter) of microdischarges. In contrast, nonintrusive optical
diagnostic methods are convenient for characterization of mi-
crodischarges. We have applied Stark emission spectroscopy,
Raman scattering, and Thomson scattering to measure electric
fields, gas temperatures, and charged and neutral species densi-
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ties in slotted direct-current (dc) microdischarges [6], [10], [12].
Thomson scattering measurements in an argon microdischarge
[12] revealed a rather high electron density (n. = (6 £3) x
103 ecm™3) at a relatively low electron temperature (T, =
0.9 £ 0.3 eV) in the bulk plasma.

Stepwise ionization through the metastable states is known
to be an important mechanism in argon and other rare gas
plasmas, particularly when the electron temperature is low [14].
Thus, the metastable argon (Ar*) density might be an important
parameter that affects the microdischarge properties, making
direct measurement of Ar* highly desirable. Measurements
of Ar" in various types of microdischarges were reported by
several groups (see, e.g., [13] and [15]). Most of these mea-
surements were not spatially resolved, however. In this paper,
spatially resolved profiles of Ar(1ss) (lowest metastable state)
density were measured using tunable diode laser absorption
spectroscopy.

II. EXPERIMENTAL DETAILS

The apparatus used for tunable diode laser absorption spec-
troscopy is shown schematically in Fig. 1. A parallel-plate
slot-type microdischarge [11], [12] was sustained between two
rectangular (5 mm x 0.5 mm) molybdenum electrodes, spaced
300 pum apart. An external cavity diode laser (ECDL) in the
Littman configuration (LION—Sacher Lasertechnik, Marburg,
Germany) was used as the light source. The width of the laser
line (< 10 MHz) was much smaller than the typical bandwidth
of the absorption line (> 1 GHz). Therefore, the absorption pro-
file was recorded, without using a high-resolution spectrometer,
by scanning the laser frequency across the absorption line. The
laser frequency was finely and accurately scanned by changing
the voltage on the piezoelectric element that moved one of the
cavity mirrors. The laser beam from the ECDL passed through
a beam splitter. Part of the beam was guided to a Fabry—Perot
interferometer (1-GHz free spectral range) to perform in situ
calibration of the laser frequency. The rest of the beam was
attenuated to < 100 ¢W by a set of neutral density filters,
directed through the interelectrode space of the microdischarge,
and then through an aperture. The aperture suppressed emission
from the plasma by reducing the collection solid angle. When
desired, plasma emission was recorded simply by increasing
the size of the aperture. A set of mirrors was used to magnify
(11X) and image the laser light on a linear CCD array (Thorlabs
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Fig. 1. Experimental setup for tunable diode laser absorption spectroscopy.
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Fig. 2. Diagram of the argon 3p®4s and 3p°4p states and the transition used
in the experiment.

LCI1-USB, Karlsfeld, Germany), which allowed spatially re-
solved (across the electrodes) measurement in a single acqui-
sition. The experiment was controlled by LabVIEW software
(National Instruments, Austin, TX).

To avoid possible long-term drift of laser power or frequency,
reference (1) and absorption (I) intensities were collected by
pulsing the plasma (~1 Hz) and recording Iy with plasma off,
and [ with plasma on, for each laser frequency. Such a proce-
dure is important for spatially resolved measurements, since the
spatial distribution of laser intensity across the beam may vary
with laser frequency. The transition from the lowest metastable
state Ar(2ps) < Ar(1ss,% P2) (Einstein A coefficient = 9.28 -
10 s=! [16], [17]) at A = 801.48 nm was used for absorption
measurements (see Fig. 2).

III. ABSORPTION SPECTROSCOPY
Absorption spectroscopy is based on Beer—Lambert’s law [18]

i (B — [ o)

Io(v)
I(v)

)

Beam Splitter

where I(v) is a reference intensity at frequency v (in this
experiment with the plasma off), I(v) is the intensity after pas-
sing through the absorbing medium (plasma on), and k(v, x) is
the absorption coefficient per unit length, given by

Aul

Gu
k(v,2) = 2% - A2 - .

g

(M- Lv) s0) @

u

where g, and g; are the statistical weights of the upper and
lower levels, respectively, A\g is the central wavelength of the
transition, A,; is the Einstein’s coefficient for spontaneous
emission from the upper to the lower level, N, (z) and N;(z)
are the densities of the upper and lower levels, respectively, and
f(v) is a normalized function ([ f(v) - dv = 1), represent-
ing the absorption lineshape.

For most electronic transitions, the energy gap between the
upper and lower levels is large compared to the gas temperature
(Ey — By > ky - Ty, where ky is the Boltzmann constant), so
that the population of the upper level can be neglected (V,, <
N;). Then, averaging (1) with respect to position along the
beam path, one obtains

In (IO(”))

I(v)

where (IV;) is the line-averaged density of Ar(lss) and leg
is an effective absorption length. To accurately determine the
absorption length, one needs to know the spatial profile of
the absorbing species along the direction of the laser beam. It
was assumed that due to the relatively low diffusion coefficient
of Ar(lss) atoms at high neutral gas density (DN = 1.8 x
10'® molecule - cm ™! - s71) and their fast loss by electron im-
pact reactions (see below), the metastables were confined in the
place where they were produced, i.e., between the electrodes.
Thus, the length of the electrodes in the direction of propa-
gation of the laser beam (0.5 mm) was taken as the effective
length lqg.
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The area under the absorption curve (integration of (3) with
respect to frequency v) provides the line-averaged density of
absorbing species. Analysis of the lineshape can provide the
gas temperature. The absorption lineshape can be described by
a Voigt function, i.e., a convolution of Lorentzian and Gaussian
functions [20]

exp(—t?)

V=V 2 Av 2
_Y=ro __ _L{vp
\/§-AI/D t) + (2\/§AI/D)

-dt.

1 Av r
fV(V):ﬂ?’/Q .4‘A1f% / (
4)

In (4), Avp is the width (standard deviation) of the Gaussian
component, caused by Doppler broadening

1 ky-T
A - .
D )\0 MAr

®)

where T is the temperature of the absorbing species (assumed
equal to the gas temperature Ty) and M is the mass of the
absorbing species (the mass of argon atoms in this case). The
FWHM of the Lorentzian component Avy, is governed by four
broadening mechanisms: natural, power, Stark, and pressure
broadening.

For the transition used in this paper, the natural width is
relatively small ((1/277) = 5.2 MHz with 7 = 30.6 ns [17]).
To avoid power broadening, the power of the laser beam was
attenuated, so that the saturation parameter [18] was smaller
than unity, S < 1. According to the study in [12], the electron
density in this type of microdischarge is at most ~ 104 cm~3,
corresponding to a Stark width of ~10 MHz [21]. For the
transition and pressure range used here, pressure broadening is
typically > 0.5 GHz, making it the main mechanism responsi-
ble for the Lorentzian component of the lineshape.

From the theory of pressure broadening [22]-[24], one ob-
tains the following expression for the Lorentzian FWHM:

7\ 03 TN\ p
Avy =2y - [ =2 N =2+, | =2 .
vy = 2% ( T0> 70 (T()) T T, (6)

where P is the gas pressure and 7 is the reduced width at refer-
ence temperature 7j. Equation (6) is valid for gas temperatures
below ~2000 K [24]. The value vo = 8.69 - 10~!? GHz - cm?
measured at Tp = 1130 K was taken from the work of Copley
and Camm [25]. The gas temperature was extracted by fitting
experimental lineshapes to (4) using the gas temperature as the
only fitting parameter.

IV. RESULTS AND DISCUSSION

Fig. 3 shows the profiles of transmitted laser intensity as a
function of interelectrode distance and laser frequency, with the
plasma on (I, Fig. 3(a), linear scale) and off (Iy, Fig. 3(b),
linear scale). Fig. 3(c) shows the ratio Iy/I on a logarithmic
scale. For a given microdischarge operating condition, one
can obtain spatially resolved profiles of the argon metastable
density (Fig. 4) by integrating the profile of Fig. 3(c) with
respect to laser frequency at different spatial locations.
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Fig. 4 shows that the Ar* density profile peaks near the cath-
ode and decays rapidly toward the bulk plasma. Such behavior
is consistent with the properties of the cathode sheath and neg-
ative glow, where most of metastable production occurs. The
excitation threshold for Ar(1ss) is 11.55 eV. Therefore, high-
energy electrons are needed to excite argon atoms to metastable
states. These are secondary electrons emitted at the cathode
surface as a result of bombardment by ions as well as by photon
and metastable atom bombardment. The electron “temperature”
reaches a maximum near the cathode sheath edge. On the other
hand, the electron temperature in the bulk plasma is very low
(~1 eV), yielding very low rates of metastable production. In
addition, as pressure increases, the metastable density gradient
becomes stronger and the profile moves closer to the cathode
[Fig. 4(c)] since the penetration depth of the secondaries di-
minishes with increasing pressure. This is shown more clearly
(Fig. 5) by the spatially resolved optical emission of the Ar™
line at 427.75 nm (3s23p*(* D)4p — 3s23p*(! D)4s). The up-
per level of this line is 37.1 eV above the ground-state argon
atom. The peak emission shifts toward the cathode as pressure
increases.

Furthermore, the peak argon metastable density increases
with increasing pressure [Fig. 4(c)] but decreases with in-
creasing discharge current [Figs. 4(a) and (b)]. Such behav-
ior of metastable density with current seemed curious, since
metastable atoms are produced by electron impact excitation.
To understand the metastable density behavior, one should
examine the mechanisms of metastable production and loss.
The main Ar(1lss) production mechanism is direct electron
impact excitation from the ground state

Ar(*Sp) + e(> 11.55eV) — Ar(®Py, 1s5) +e.  (R1)
In low-pressure plasmas, a major metastable loss mechanism is
electron quenching to a nearby resonant state (reaction (R2a),
rate constant ks ~ 2 - 1077 cm? /s [26]), followed by fast radia-
tive decay to the ground state [reaction (R2b)].

Ar(®Py,1s5) +e = Ar(®Py,1s4;' Py, 1sp) +e  (R2a)

Ar(®Py, 184, Py, 1sp) = Ar('Sg) + hv. (R2b)
In high-pressure plasmas, however, photons emitted by radia-
tive relaxation of the resonant state are reabsorbed (radiation
trapping) by ground-state atoms [reverse of reaction (R2b)].
For example, at a pressure of 100 torr and gas temperature of
1000 K, the “effective” absorption length was estimated to be
L,ps = 70 nm which is much smaller than the plasma length.
The resonant state formed as a result of the reverse of reaction
(R2b) can then reform metastables by the reverse of reaction
(R2a) (rate constant k—o ~ 3.5- 1077 cm3/s [26]). In essence,
radiation trapping leads to an effective rate of metastable
quenching in reaction (R2a) that is much slower than the
inherent reaction rate.

Other loss mechanisms of Ar(1s5) metastables are electron
impact ionization (R3), electron impact excitation to higher
electronic levels followed by collisional relaxation to the
ground state (R4), metastable pooling (RS5), two-body
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Fig. 3. Profiles of transmitted laser intensity as a function of interelectrode distance and laser frequency: (a) Intensity I for plasma-on (linear scale) state;
(b) intensity Io for plasma-off (linear scale) state; and (c) ratio Ip /I (logarithmic scale).

collisional quenching (R6), three-body collisional quenching
(R7), and diffusion [27]

Ar(®Py, 1s5) + e(> 4.2eV) — Ar' + 2e
Ar(*Pa,1s5) + € — Ar* + ¢

Ar* + Ar('Sy) — Ar(*Sg) + Ar(*Sp) (R4)
Ar(®Py, 1s5) + Ar(®Py, 1s5) — Ar(*Sp) + Art ¢ (R5)
Ar(®Py, 1s5) + Ar(*Sp) — 2Ar('Sy) (R6)
Ar(®Py, 1s5) + 2Ar(1Sg) — 3Ar(*Sp). (R7)

(R3)

Estimates of the contribution of each of these loss processes
were performed. The rate constants for reactions (R5)—(R7)
were taken from [27]. For reaction (R3), the ionization cross
section [28] was convoluted with a Maxwellian electron energy
distribution function (EEDF). The cross sections [29], [30]
for reaction (R4) have lower threshold and higher peak value
than reaction (R3). Hence, electron impact excitation of high
electronic levels of Ar occurs faster than ionization. However,
most of the excited atoms decay back to the metastable states
through radiative relaxation.

Electron impact ionization [reaction (R3)] was found to be
the dominant loss mechanism of metastables near the sheath
edge (543 > 108 s71; for T, > 1.6 eV, an electron temperature
that can easily be achieved in that region of the discharge).
The rate of metastable loss through diffusion is negligibly small
(Sp ~ 10% s71). We should mention here that at higher pres-
sures (> 300 torr) and in the bulk plasma, where both electron
temperature and gas temperature drop, three-body collisional
quenching (R7) becomes important. For example, at 300 torr
and 700 K, Sy7 ~ 2 - 10° s~1. Thus, this process only enhances
the decay of the metastables toward the bulk plasma. The
metastable pooling reaction (RS) is quadratic with respect to
metastable density. Near the sheath edge, metastable loss due
to this reaction (S5 ~ 10° s71) is still slower than electron
impact ionization (R3), and in the bulk, it is negligible due to
the very low metastable density.

Equating production and loss at steady state, one obtains an
expression for the Ar(1s5) density

_{0ex - V)gEDF P
(i -v)eEDF KTy
7

Oex * V>EEDF *Ne . ]

[Ar(1s5)] = <<0'i - VYEEDF * Me

Authorized licensed use limited to: University of Houston. Downloaded on June 2, 2009 at 18:21 from IEEE Xplore. Restrictions apply.



856

1

—~~
Y]

~
-
N

—=&— |=5 mA

-
o
[

O— =10 mA -
=20 mA
—O—1=30 mA

o
o]
1

2
(]
L

@
EN
L

Ar(1s,) density, x10™ em™

o
N
1

00 L T T T L]
0 50 100 150 200 250
Distance from cathode, um
(b) 25 1 1 1 1
—O0— =10 mA
1=20 mA

——1=30 mA

0.0 T T — T G,
0 50 100 150 200 250
Distance from cathode, um

—&—P =100 Torr
—O— P =200 Torr L

P =300 Torr

OO T T T T T T T

0 50 100 150 200 250

Distance from cathode, um

Fig. 4. Spatial profiles of argon metastable density (a) at 100 torr and different
currents, (b) at 300 torr and different currents, and (c) at 10 mA and different
pressures.

where [Ar(1s5)] and [Ar] are the densities of argon metastables
and ground-state atoms, respectively, (0ex - ¥)grDF is the rate
coefficient of electron impact excitation [reaction (R1)], and
(0; - V)EEDF is the rate coefficient of electron impact ionization
from the Ar(lss) state [reaction (R3)]. It should be noted
that both coefficients depend strongly on the EEDF. However,
their ratio (0ex - V)gEDF/(0; - V)EEDF should have a much
weaker dependence on the EEDF, i.e., a weak dependence on
either pressure or current. Thus, knowledge of the values of
the rate coefficients is not necessary to analyze trends in the
metastable density. To obtain an order-of-magnitude estimate,
the excitation and ionization cross sections [28], [31] were con-
voluted with a Maxwellian EEDF. It was found that an electron
temperature of T, ~ 1.5 eV (this can be easily achieved near the
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Fig. 6. Example of absorption profile fit: P = 100 torr; I = 20 mA.

sheath edge) would be high enough to produce the metastable
density observed in the experiments (~10'4 cm™3).

Equation (7) predicts that the argon metastable density
should increase with pressure, as observed experimentally
[Fig. 4(c)]. In addition, according to this equation, there is
no explicit dependence of metastable density on electron den-
sity (discharge current). However, increasing discharge current
would be expected to cause the gas temperature to increase,
and this could explain the decrease in Ar metastable density
at high currents. In fact, (7) shows that, for a constant pres-
sure, the argon metastable density should decrease inversely
proportionally to gas temperature. To test this dependence,
the gas temperature was extracted by analyzing the absorption
lineshapes. Experimental profiles were fit to a Voigt function
(4) with T as the fitting parameter. An example of a lineshape
fit at a pressure P = 100 torr and current / = 20 mA is shown
in Fig. 6. Here, the x-axis represents frequency, relative to the
line center. Absolute calibration (e.g., with a low-pressure argon
discharge) of the frequency was not done in this paper.

Based on fits such as shown in Fig. 6, the gas temperature
was determined. A plot of gas temperature and peak Ar(1ss)
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density versus discharge current is presented in Fig. 7 for P =
100 torr. Gas temperature measurements were performed at the
spatial location of the peak argon metastable density. The gas
temperature increases from ~500 K at 5 mA to ~1000 K at
30 mA, corresponding to a decrease of the peak argon
metastable density from ~10'* cm™3 to 0.5 x 10'* cm™2 in
agreement with (7). Therefore, neutral gas heating and the
resulting drop in neutral gas density can explain the decrease
of argon metastable density with increasing current.

It should be noted that gas pressure contributes not only to
profile broadening but also to a shift of the absorption line. This
pressure shift can be described by [24]

7N 03 T\ p
Avss = —Go - [(22) - N=—py-[22) .
VShitt Bo ( T0> Bo ( To) T T,

where (3, is the reduced shift at a reference temperature Tj.
The value By =2.79-1071% GHz-cm?® at the temperature
To = 1130 K was again taken from the work of Copley and
Camm [25]. It turns out that at P = 100 torr, the frequency shift
(< 0.5 GHz) is small compared to the Doppler width. However,
at P =300 torr, the frequency shift is of the same order
as the Doppler width. Thus, any temperature gradients along
the laser beam propagation direction would result not only in
superposition of lines with various widths but also in distortion
of the absorption profile (e.g., the profile becomes asymmetric).
Therefore, fitting of absorption lineshapes at higher pressures is
problematic and was not done.

Another source of distortion of the lineshape may be due to
slight deflection of the laser beam in the plasma. Temperature
gradients cause gradients in the refractive index, which, in turn,
cause a slight deflection of the beam when the plasma is on.
Since the absorption profile is obtained from the ratio of the
laser profile when plasma is on and off, a slight spatial shift of
the laser beam may result in distortion of the absorption lines,
adding a baseline to the experimental profiles. This baseline
would vary from cathode to anode because of the temperature
gradient across the electrodes [6], [11]. Such distortions may
be reduced if the spatial profile of the laser beam is “smooth”

enough such that slight deflection does not cause a considerable
baseline shift.

V. CONCLUSION

Tunable diode laser absorption spectroscopy was employed
to measure the spatially resolved density of argon metastables
Ar(1ss) in high-pressure dc argon microdischarges. The ar-
gon metastable density peaked near the cathode and decayed
rapidly toward the bulk plasma. The peak metastable density
increased with increasing pressure but decreased with increas-
ing discharge current. Analysis of Ar(1s;) production and loss
mechanisms revealed that the metastable density should be
proportional to the density of the ground-state atoms. There-
fore, the metastable density should increase proportionally to
pressure and inversely proportionally to gas temperature. Fur-
thermore, analysis of absorption lineshapes was performed to
study the effect of discharge current on gas temperature. The
main mechanisms responsible for absorption line broadening
were Doppler broadening and pressure broadening. By fitting
the absorption lineshapes to Voigt functions, the gas tempera-
ture was extracted as the fitting parameter. The gas temperature
increased with discharge current, resulting in neutral gas deple-
tion and hence to the observed decrease of Ar(1s5) density with
current.
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