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Abstract

This work focuses on the spatial and temporal characteristics of a glow discharge plasma operated with power
pulses of 5 ms in duration at 25% duty cycle. Interpretation of emission data provides insight into the nature of the
plasma at each instant of a typical pulse cycle and at each position in space. Because the bulk plasma properties
affect the distribution of excited energy levels of the sputtered atoms, an improved understanding of the plasma
affords the ability to select conditions that enhance analytically important emission lines. Optical emission spectroscopy
was used to determine the relative populations of excited states for atoms and ions during the initial breakdown, the
steady state and the recombining periods of the discharge pulse cycle. The plasma is highly ionizing in nature at the
time of breakdown—with lower excited states being overpopulated—before reaching the steady state, or plateau,
period, also ionizing in nature. These behaviors arise from a loss of charged particles and photons to the surroundings
that shifts the plasma away from Saha and Boltzmann balances during these periods. The post-pulse period typically
displays recombining behavior, characterized by population inversion for selected species—except for regions close
to the cathode, where electrons and ions are lost by diffusion and are not available for recombination. The sputtered
analyte atom emissions closely mimic those of the plasma bath gas, except that their emissions persevere for longer
in the recombining after-peak period than do the discharge gas species.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction affords many advantages over steady-state opera-
tion [8—13. This not only enables higher instan-
Glow-discharge mass spectrometi@DMS) is taneous power to be used, resulting in increased
a versatile, simple and robust technique for the sputtering, excitation and ionization, but also
analysis of conducting and non-conducting solids allows the use of gated detection to achieve max-
[1-7]. For analytical applications, research has jmum analytical performance and versatiliy0].
shown that operation of glow discharge plasmas Thjs versatility includes the ability of these sources
with - micro-millisecond duration pulsed power i, phe extended to use in chemical speciation as
Trresponding author. Tel.#+1-304-293-4611; fax:+1- well as elemental gnalys[s.4].
304-293-4904. In order to exploit fully the advantages of pulsed
E-mail address: fred.king@mail.wvu.edF.L. King). glow discharge source$PGD9, a fundamental
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understanding of the excitation and ionization phe- energy levels in the plasma. In TE, the equations
nomena occurring throughout the various temporal of Maxwell, Boltzmann, Saha and Planck fully
and spatial domains of the plasma is required. The describe the velocity distribution, the excited state
spatial and temporal characteristics of metastable distribution, the degree of ionization and the trans-
argon atoms and sputtered copper species in thesder of photons, respectively. Significantly, all of
plasmas have been presented in previous reportshese processes are balanced, permitting the energy
from this laboratory[15—17. Because these spe- for a plasma in TE to be defined by a single
cies account for only a small fraction of the total temperature. If, for any reason, a given process
plasma composition, knowledge of the spatio- ceases to be perfectly reversible—for example, if
temporal fluctuations in excitation and ionization particles are lost to the chamber walls—the plasma
for the argon discharge gas is required to under- will cease to be in equilibrium and its statistical
stand the bulk behavior of the plasma. Such an description becomes much more diffic{®4—39.
understanding enables complete utilization of the  PGDs do not display TE40] because the proper
many advantages of PGD$8]. The present study  forward and reverse reactions do not always bal-
focuses on the evolution of plasma processes andance. For example, ions diffuse to the chamber
energetics over a typical pulse cycle as they relate walls and initially disrupt the Saha balance. This
to the generation of analyte signals. deviation from equilibrium consequently impacts
Although much effort has been expended in the Boltzmann and Planck distributions, because
understanding the fundamental processes occurringexcited state neutrals are no longer formed by
in steady-state glow dischargé9—-29, the same  recombination reactions. Because of the various
level of understanding has not yet been realized ways in which plasmas can deviate from ideality,
for pulsed glow dischargel$0,31. Some previous  a more detailed understanding of the balances and
effort was made to characterize the emission and relations that do occur in PGDs is necessary to
ionization characteristics of PGDs. Duncen et al. understand how they behave. Such an understand-
[32] observed an increase in emission from argon ing is useful in determining how they can be
atoms following power termination in a pulsed exploited for greater analytical benefit. This paper
glow discharge and suspected that contaminatedprovides an abbreviated account of investigations

gases played some role in this process. Strauss etowards this end—an extended version of which
al. [33] reported that the emission intensity of appears elsewhefd1].

selected wavelengths in the after-peak nearly dou-
bled that found in the plateau. These after-peak
emissions could also be reduced by the addition
of methane because of its quenching effect on the
metastable argon atoms. The experimental apparatus used in this study

Like any other plasma, the GD plasma mainly is described in detail elsewhei#5,43. A stainless
consists of ground-state argon atoms, excited-statesteel six-way cross housed the direct insertion
neutrals(including metastable statgsand ground- ~ probe, onto which sample cathode disks were
and excited-state argon ions of various charge mounted. A copper diskNIST SRM 495, Gaith-
states, electrons and photons. On a microscopicersburg, MD of 4.0 mm in diameter was used as
level, these species are in a constant state of flux the cathode. A translation platform held the six-
as energy is continually exchanged among them way cross and could be moved orthogofial the
through various interactions. If every process that x-dimension to the monochromator to permit
occurs in the plasma is fully reversible, the plasma observations of different regions of the plasma.
is said to be in a state of thermodynamic equilib- The direct insertion probe also maneuvered orthog-
rium (TE) and the description of the plasma is onal to the monochromatdin the y-dimension
relatively simple[34]. The macroscopic state of to alter the sampling distance above the cathode.
the plasma can be fully described by various In this way, two-dimensional emission maps could
statistical models that govern the distribution of be obtained for each line.

2. Experimental
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Fig. 1. Energy level diagrams showing the lines of interest for
the various states of the argéa) atom and(b) ion.

Operating conditions were as follows: argon
discharge gas, 0.8 torr; peak current, 1.6 mA; and
applied voltage,~860 V. The emission from the
discharge cell was imaged in a 1:1 ratio on the
entrance slit of the monochromator. Entrance and
exit slits were 50um wide and 1.0 mm high. The
extended-red photomultiplier tubéR-928, Hama-
matsu, Bridgewater, NJoperated at 800 V, unless
otherwise stated. Data acquisition was accom-
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plished as described in previous reports from this
laboratory[15,14.

Fig. 1a,b shows energy level diagrams for select-
ed argon atom and ion states, respectively. The
individual emission lines studied are given in
Tables 1 and 2. The argon atom lines are classified
into groups according to the manifolds from which
they originate. These groups are labeled as a—d on
the energy level diagram in Fig. 1.

3. Results and discussion
3.1. Argon atom emission

Fig. 2 shows the temporal emission profiles for
four selected argon emission lines, representative
of the general behavior observed for the other
transitions between the manifolds shown in Fig.
la. The effects of sampling height demonstrate the
inhomogeneity of the plasma and the need to make
diagnostic measurements parallel to the cathode
surface, ‘side-on’.

Table 1
Spectroscopic data for argon atom lines examined in this study

V\!avelength Transition Energy levels Statisti-
(A) probability A (eV) cal
1 .
(1% sY [83 £ o weight
8L 8u
4200.7 0.010 11.55 14.46 5 7
4333.6 0.006 1183 1469 3 5
5373.5 0.003 1315 1546 3 5
5495.9 0.017 13.08 1533 7 9
5650.7 0.032 12.91 15.10 3 1
5888.6 0.013 13.08 1518 7 5
5912.1 0.011 1291 1500 3 3
6664.1 0.002 13.09 1495 5 5
6719.2 0.002 13.27 15.12 1 3
7503.9 0.445 11.83 1348 3 1
7514.7 0.402 11.62 13.27 3 1
7635.1 0.245 1155 1317 5 5
7723.8 0.052 1155 1315 5 3
8115.3 0.331 1155 1308 5 7

E, andE, refer to the lower and upper energy levels of the
states, respectivelyg, and g, refer to the lower and upper
statistical weights, respectively.



1420

Table 2
Spectroscopic data for argon ion lines examined in this study

Wavelength  Transition Energy levels  Statisti-
(A) probability A (eV) cal
o1 .
(10° s [83] E, £ weight
8L 8u

4131.7 1.4 1843 2143 4 2
42775 0.41 1845 2135 4 6
4331.2 0.56 16.75 1961 4 4
4348.1 1.24 16.64 1949 6 8
4370.8 0.65 18.66 2149 4 4
4401.0 0.322 1641 19.22 8 6
4426.0 0.83 16.75 1955 4 6
4545.1 0.413 17.14 1987 4 4
4590.0 0.82 1843 2113 4 6
4609.6 0.91 1845 2114 6 8
4657.9 0.81 17.14 1980 4 2
4726.9 0.5 1714 19.76 4 4
4764.9 0.575 17.26 1987 2 4
4806.0 0.79 16.64 19.22 6 6
4879.9 0.78 17.14 1968 4 6
4965.1 0.347 17.26 19.76 2 4

a) 2mm

1420.07 nm

Time (ms)

Time (ms)
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3.1.1. 3p°5p—3p°4s transitions (Fig. 2a and Fig.
3a)

These ‘blue’ lines result in the population of
four possible states. Transitions involving two of
these stateg('s,) P, and('s, ¥,, are resonant
with the ground state and are too short in wave-
length to be observed with the apparatus employed.
Transitions between the remaining statéss;)
3P, and(sg) *P,, and the ground state are spin-
forbidden and are therefore metastal#8]. Under
the operating conditions used here, approximately
30-50% of the metastable argon atoms are thought
to form via radiative decay from the 5p levi@i]
and their lifetime is of the order of 1-10 ms
[44,49. Emission from such transitions, populating
the metastable states, gives a good indication of
the spatial location of these metastable argon atom
populations in the plasma.

The temporal profiles of emission intensity at
420.07 nm(5p[2t/,]-491/,], 14.50-11.55 ey
are plotted in Fig. 2a for various observation
points. The emission intensity as a function of
distance is presented in Fig. 3a. The maximum
emission intensity over the entire pulse cycle is

|l b)
| 588.8 nm

Intensity
o
N

Time (ms)

1.2

Time (ms)

Fig. 2. Temporal traces for selected argon atom transitions at different distances above the €athddefer to the labels in Fig.
la. Pulse length, 5.0 ms; Ar pressure, 0.8 Torr; peak powérs W.
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Fig. 3. Optical emission signals for argon atom lines in the steady &tateionds) and after-peal(squares) as a function of
distance;(a—d refer to the labels in Fig. 1a. Pulse length, 5.0 ms; Ar pressure, 0.8 Torr; peak pedér,W.

found at 2.0 mm above the cathode during power When the plasma is extinguished a surge in the
application. The maximum emission intensity dur- emission intensity is observed for this line at
ing the voltage-on period decreases dramatically distances beyond 2.0 mm. Fig. 3a shows that the
from 2.0 to 4.0 mm, and decreases in a linear after-peak intensity maximizes a8 mm at this
fashion at greater distances. Comparable behaViorpressure_ The emission maximum in the af‘[er.peak
was observed by Rozsa and Gallagher for a similar gppears at~350 s under these conditions. The
transition in a steady-state glow discharffed]. time delay between voltage termination and the
The behavior is attributed to the method of 5p beginning of emission is related to the time
!evel population:.close to .the cathode, excitation required for the fast electrons to thermalize via
is by fast atonfion collisions, whereas in the collisions [49,50. This is thought to occur very

negative glow it is predominantly by electron rapidly at pressures of 10—760 torr—of the order

excitation. Upon power termination, little or no
after-peak is Fébse?ved between 0 and 2 mm. The of 1 us or less[49,51, but takes longer—on the
order of 100us—at lower pressure$2]. Recom-

lack of an after-peak close to the cathode can be ~.7~ = =
bination is also more probable further from the

attributed to one or both of the following possibil- . . )
ities: (i) electrons do not play a significant role in cathode because the argon ion population, which

populating these states while the discharge is on.iS predominantly formed in the negative glow, is
If electrons did populate these levels, the sudden greatest between 4 and 8 mi53,54. The after-
decrease in electron temperature in the after-peakPeak maximum shifted to slightly longer timéisy
would be expected to cause a ‘Saha jump’ in the 10-20ps) at 16—20 mm from the cathode, indi-
after-peak{46—49. (ii) Electrons are not available cating that the electron temperature may take
for recombination in the after-peak because they slightly longer to decrease at these long distances.
are lost to the cathode surface. The emission decay rates occurring after the after-
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peak maximum are discussed in more detail in
Section 3.6.

3.1.2. 3p°7s—3p°4p transitions (Fig. 2b and Fig.
3b)

It can be observed from the temporal profile
presented in Fig. 2b that the emission intensity at
588.86 nm(79[11/,]—-4p21/,], 15.18—13.08 ey

Acta Part B 58 (2003) 1417-1433

this transition. This indicates the smaller probabil-

ity of accessing this higher-energy 7s state via fast
atomyion collisions than the lower-energy 5p and

4p states.

3.1.3. 3p°4-7d-3p°dp transitions (Fig. 2c¢ and
Fig. 3¢)
The transitions of this manifold are typified by

reaches a steady-state value close to the cathodehe temporal emission profiles shown in Fig. 2c

surface, but not at distances beyond 2.0 mm from
the surface. Because all the transitions involving
an upper energy level of 15 eV or higher showed
this behavior, we might expect that above 2 mm a
stepwise mechanism is responsible for populating

for the 7d2'/,]-4d*/,] (14.46—-13.15 eY tran-

sition at 537.35 nm. As observed from the data
presented in Fig. 2c and Fig. 3c, the after-peak
steady-state emission ratio is also slightly less for
this transition than that observed for the 7s—4p

these high levels. Indeed, Bogaerts and co-workerstransition (Fig. 2b and Fig. 3p described in the

reported that the electron excitation from already-
excited levels increases in importance for populat-
ing these higher level§21,549. At 5.0 ms the
intensity reaches a maximum in the negative glow
at ~6 mm. Bogaerts et al. predicted that this
population occurs~2 mm above the cathode in a
1.0-torr plasmal55]. The present observation, at
0.8 torr, is reasonably consistent with the model
when the pressure difference is taken into account.

At distances closer than 2.0 mm to the cathode,
the emission intensity for the 588.86 nm line
decays rapidly upon power termination. No after-
peak is evident in the temporal profiléfor rea-
sons discussed in Section 3.1.Further from the
cathode, however, a significant increase in after-
peak emission is observetsee Fig. 2b. The
maximum intensity of the after-peak is also found
between 6 and 8 mm. The after-pgalateau
emission intensity ratio is much larger for this
transition than for the 5p—4s transitions.

Distance profiles of the emission intensity at
588.86 nm for the 7s—4p transition during plateau
(diamonds and in the after-peaksquaresin Fig.
3b show behavior not easily discerned from the
temporal profiles of Fig. 2a. Power application
generates maxima in the populations at two spatial
positions. One maximum is at the cathode surface,
where fast atonion collision is the dominant
excitation mechanisnfil9,26,56. The other max-
imum is found at~6 mm above the cathode,
where electron excitation dominates. Relative to
the emission at 420.07 nm, the cathode darkspace
negative glow intensity ratio is much smaller for

previous section. In the distance profilBig. 30

it is evident that during the plateau the emission
intensity maximizes at the cathode surface. A
much smaller maximum is also evident in the
negative glow at 6 mm, indicating that fast atbm
ion collisions are a slightly more significant mech-
anism of populating these levels. Indeed, reports
published indicate that higher-energy electronic
orbitals have a smaller probability of being formed
via fast atonfion collisions[56]. Because the 7d
state has a slightly lower energy than the 7s state,
fast atonyion excitation causes the cathode dark-
spac¢gnegative glow emission intensity for transi-
tions from the 7d state to be greater than that for
transitions from the 7s state.

3.1.4. 3p°4p-3p°4s transitions (Fig. 2d and Fig.
3d)

Temporal profiles for the 4A/,]—-491%/,]
transition (13.17-11.55 eY at 763.51 between
2.0 and 8.0 mm, as observed in Fig. 2d, display a
distinct prepeak at~2 ms. Because the onset of
the pulsed discharge commences with a cascade
of electrons, it appears that the 4p levels are
preferentially populated by electron excitation
mechanisms. Indeed, no prepeak behavior is
observed from the 5p levels and they are the next
closest in energy to the 4p states.

The distance profiléFig. 3d shows that at 5.0
ms the steady-state emission at 763.51 nm reaches
a maximum at the cathode surface and then decays
almost linearly with increasing distance from the
cathode. After-peak emission intensities increase
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gradually from a minimum at the cathode surface [59]. It is useful to understand now how these
to a maximum between 6 and 8 mm. Only at phases deviate from the ideal balances predicted
distances beyond 6 mm does the after-peak inten-by thermodynamic equilibriundTE).

sity exceed that of the plateau. The notable differ-

ence in plateau and after-peak emission intensities3.3.1. Departures from Saha and Boltzmann

for this line, as compared to the previous three distributions

lines, illustrates the dramatic differences the emis- The Saha balance describes the balance between
sion profiles can assume depending on the upperelectron ionization of excited atom states by fast
electronic energy level of the emitting species. electrons and the three-body recombination of
This also provides important clues regarding the argon ions with two thermal electrons. When the
differences between mechanisms responsible forvoltage is removed from the PGD plasma, elec-

the population of these different states. trons are no longer accelerated by the electric field
and the high-energy electrons become thermalized.
3.2. Argon ion emission This shifts the Saha balance downwards in energy

via recombination reactions with the concomitant
Mass spectrometric studig46,42,57,58 have population of highly excited neutral states. If the
shown that argon ion densities are almost negligi- population of an energy level follows a Saha
ble 100 ws after pulse termination. It is not predicted equilibrium during power application,
surprising, therefore, that their emissions do not the response to power termination will b&7,49:
prevail in the after-peak33,43. In this study it
was also found that emission from excited argon ,
ions in Table 2 do not exhibit an after-peak and In(7 /1):3/2|n7+(Ei°”_EP)([V_1]/kTe) 1)
that the intensity follows an approximate exponen-
tial decay after the plasma is extinguished. wherel’ andl are the emission intensities of a line
All the argon ion transitions observethot in the after-peak and steady-state times, respective-
shown followed almost identical behavior. Maxi- ly, y=T./T,, Eio, and E, are the energies of the
mum emission intensity is reached 2.0 mm above ion ground state ang-th excited atom level,
the cathode, whereas the minimum is observed atrespectively, andk is Boltzmann's constant. For
the surface. This suggests that fast atan col- such plasma in TE, a plot of IA{I) vs. (Eion—
lisions do not play a significant role in populating E,) should give a straight line with a positive
Ar ion states. The emission intensity decreases atslope of [y—1]/kT. and an intercept of 2Iny
distances beyond 2.0 mm from the surface. This [47], as shown by the dashed line in Fig. 4a. The
behavior is indicative of the electron excitation points in Fig. 4a actually suggest a negative slope
that dominates the area between 2.0 and 5.0 mm. with a y-intercept >1. This indicates significant
deviation from the Saha balance during the volt-
3.3. Deviations from thermodynamic equilibrium age-on period, as expected if the loss of electrons
and ions to the surroundings restricts the proper
All the atom lines observed in this study exhib- recombination balance.
ited some degree of an after-peak at distances If population of the argon excited levels follows
beyond 2 mm above the cathode surface. The a Boltzmann distribution, then the natural loga-
observation of this surge in emission intensity for rithm of atom emission ratiog'/I plotted as a
all argon atom species can be understood in termsfunction of E, (Fig. 4b) should fall on a straight
of the shift of the plasma from an ionizing mode line with a negative slope of- (y—1)/kT, [48].
during the plateau to a recombining mode during It is evident from the data that this is not the case.
the after-peak. Theoretical evidence for such If we treat transitions from the lowest level$3—
behavior has been described previoukd%—39. 13.5 e\) separately, and assume that these could
Similarly, the observation of such behavior in other be in Boltzmann balance with the ground state,
types of plasmas has been reported in the literaturelines of best fit through these points at each
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equation. Clearly, the data here show that these

151 (@) e plasmas deviate significantly from TE conditions,
1] g% 9 o10mm with extensive loss of electrons and ions to the
= o5 S50 chamber walls.
= ;", 2 Fig. 5b is a plot of the copper atom emission
£ o . 5 Ce® intensity ratios used to determine their consistency
05 ° o o o’ with the Boltzmann equation. The points do not
* suggest a negative slope, as predicted for a plasma
-1 transitioning from an equilibrium state to one that
0.0 0.5 1.0 1.5 2.0 25 3.0 . . . . .
E_-E, (V) is dominated by recombination. This can be taken
ion ~ Ep as further evidence that the GD plasma is far from
e o2mm TE conditions when the plasma voltage is termi-
2 1) e6mm
1 °® N
= 05 . o Table 3
z ° o ° Spectroscopic data for the copper atom emission lines exam-
£ 0 ".. P ined in this study
(¢
-0.5 O©O ° °©o © Wavelength ~ Transition Energy Statisti-
4 . __° . . . . i (A) probability A levels cal
12.00 1250 13.00 13.50 14.00 14.50 15.00 15.50 16.00 10 sH 83 (eV) weight
E
P E Ey 8L 8u
Fig. 4. (a) Plot to determine the electron temperature from the 2238.5 1.64 7.18 8 6
Saha response of argon atom lines to the voltage termination. 2492.2 0.031 0.00 4.97 2 6
(b) Plot to determine the electron temperature from the Boltz- 2618.4 0.307 1.39 6.12 6 4
mann response to voltage termination. The dashed lif@)in 2824.4 0.078 139 578 6 6
signifies where the points might fall if TE or pTE existed, i.e. 3073.8 1.39 5.42 4 6
for an ICP plasmd47,49g. 3093.9 1.39 539 4 8
3194.1 0.016 164 552 4 4
. . 3247.5 1.390 000 38 2 4
sampling distance reveal electron temperatures of 35739 1.370 000 379 2 2
the order of 95081500 K above the gas temper- 3279.8 164 542 4 6
ature. These temperatures are considerably higher3292.8 139 515 6 6
than previous reports of 2000—6000 K, indicating 3237-9 0.004 31-39 5.10 26 8
deviation even from partial TEpTE) [60—64. 3 4?2'3 3'2732 ;'32 7 g
_Using these same methods, the emission inten-34g; 6 379 735 2 4
sity ratios for the copper atom lines given in Table 3511.8 382 735 4 6
3 were also employed to determirie and the 3530.4 1.64 515 4 6
state of TE in the PGD plasma. Fig. 5a compares 365‘7‘-‘21 3-72 ;-18 i 4
the excited-state population observed with that 3625'0 g'gg 7'02 9 2
predicted by the Saha equation. As was the casesgg; 7 38 703 4 2
for argon emissions, the points do not provide a 4062.6 0.210 382 687 4 6
positive slope. In fact, lines corresponding to 4063.2 0.210 382 687 4 6
transitions from levels within 2 eV of the IP ;“I‘gg-g 8-338 i-;g g-gg é i
deviate more from the Saha-predicted behavior ;}c5% 0.600 379 619 2 4
than do the argon !evels in this region. Based on 53152 0.750 382 619 4 6
the smaller ionization potential of copper com- 5700.2 0.002 164 38 4 4
pared to argon, we would expect the copper pop- 5325.1 0.017 31%1 53g59 24 22
ulation to be more highly ionized and therefore : : :
gnty 8092.6 382 535 4 2

more likely to be in agreement with the Saha
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Fig. 5. (a) Plot to determine the electron temperature from the Saha response of copper atom lines to the voltage terfo)nation.
Plot to determine the electron temperature from the Boltzmann response to voltage termination. The dashe@lisignifies
where the points might fall if TE or pTE existed, i.e. for an ICP plag#ia4§.

nated at 5 ms. In this case, not even the lower 3.3.2. Additional factors contributing to deviation

levels of copper approximate to the Boltzmann from TE

balance. As well as the deviation from TE caused by the
Although the Boltzmann and Saha balances have different forces applied to the different particles in

just been shown to be poor descriptors of the the discharge, and the losses of electrons and ions,

population of energy states, other equilibria con- there are other factors that add to the departure of

ditions that are electron density-sensitive can be GDs from TE. Radiation is lost to the surround-
calculated to determine the distribution of excited ings_, so the re—a_bsorption of radiation by Iower_-
states. For example, Fig. 6a shows that if the eXC|_te(_JI states will be less than expecte_d. This
electron density is below 10 ¢, excited levels deviation from the Planck balance also will tend
decay to the ground state via radiative transitions to over—popullate .thef Iov_ver energy Ievel;.

rather than by electron de-excitation. Under these The velocity distribution of electrons is known

. . to be non-Maxwellian in steady-state GD sources
circumstances, a Corona balance determines that ; . L
[1,61], and this contributes strongly to deviations

the Filstr|but|on ?focsenergy state§ IS popul_atgd PIO” from TE. The non-Maxwellian distribution is pri-
portionally to p~°% where p is the principle marily caused by the acceleration of electrons by
quantum numbe{35,36. At high electron densi- i electric field. Non-Maxwellian behavior is also
ties(>10' cmr®) the plasma enters the saturation c4ysed; in part, by ionization reactions that release
phase. In this case, ladder-like excitation by elec- electrons with h|gh kinetic enerdﬁl]_ For exam-
trons continues up the higher levels until the ple, Penning ionizatiofP!)

population of energy levels is proportional o ®
[34-34. For electron densities between these two
extremes, i.e. the~10'1-10> cnr® densities
found in typical glow discharged60,61, the
population of energy levels will lie between the
extremes op ~°-° andp ~® dependence. Regardless
of the electron density65], an ionizing plasma
will always have an over-population of lower
levels and an under-population of excited levels
with respect to an equilibrium plasma defined by
the Boltzmann equation.

Ar"+M—Ar°+M* +e” (x eV) 2
releases electrons with kinetic energy dependent
on the IP of M. If M is another metastable argon
atom(IP=4.2 eV) the expelled electrons will have
~7.3 eV of kinetic energy. These electrons con-
tribute to the number of high-energy electrons in
the electron-energy distribution functidieEDF)

and distort the Maxwellian distribution. Penning
ionization of the sputtered atoms also contributes
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(a) lonizing Plasma
n, > 10" cm3
(Thermodynamic n. < 101 cm-@ n. > 10 cm=3
Equilibrium) ¢ ¢
P -—————— P ======== P —=======
p+2 p+2 p+2 'y
p+1 y Y p+1 A p+1 y
p° P T T
Boltzmann Balance Corona Balance Saturation Balance
n(p)/g(p) = eEKT n(p)/g(p) = p°° n(p)g(p) =< p*®
b Recombining Plasma
n, > 10" cm3
(Thermodynamic
Equilibrium) ne < 10% cm® n,> 10" cm=3
IP -'¢'t“" P - P ==z =—===-—"
p+2 'y p+2 p+2  ———
p+1 A p+1 p+1
P p° po =
Boltzmann Capture-Radiative- Saturation- Deexcitation
Balance Cascade Balance Balance
n(p)/g(p) e KT n(p)/g(p) = p'* n(p)/g(p) = p*°

Fig. 6. (a) Examples of electron excitation mechanisms at different electron number densities in an ionizing plasma. Solid lines and
wavy lines represent electron and photon-accompanied transitions, respeatwply(p) is the population density per unit statistical
weight, p=0 is the ground state and IP is the ionization potential. Betweéf 10 ald 10 electrods cm  the Griem and Byron
criteria determine which levels gf are governed by which balan§®4,37. Above 16* electrons cn? the Byron criterion divides

the lower levels(p <7) and the upper levelép>10) into the Boltzmann balance and saturation excitation balance, respectively
[34,37. (b) Examples of electron de-excitation mechanisms at different electron number densities in a recombining plasma. Solid
lines and wavy lines represent electron and photon accompanied transitions, respectively.

strongly to the number of high-energy electrons in Ar'+M —-ArM* +e~ (x eV) (€©))

the plasma. This is demonstrated by the occurrence

of higher electron temperature measurements inis another mechanism by which the influx of

plasmas having cathode materials with lower ion- electrons can disrupt the Maxwellian distribution

ization potentiald61]. of velocities. If M is a ground-state argon atom,
Associative ionization, also known as the Horn- the onset for this reaction occurs atl1l5 eV,

beck—Molnar reactior66] implying that the metastable states are not involved
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in this reaction. For metal-noble gas molecular

~

. 1 !
ions [67], however, the metastable states of argon ém ':i: ’ o
are energetically viable reactants for this mecha- 510 ;’0 f‘;;‘:ea o
nism of ionization. T s
& 6 ©
3.4. Phase transitions at the pulse onset £ . 9O
) LIPS
. . e 2 s ,
The onset of the pulsed voltage is a time of % , o¥e o * Y
1

significant change in the plasma characteristics. 25 130 135 140 145 150 155 16.0
Between the initial gas breakdown and the steady- P
state condition, changes in populations are energy-
level-dependent. For example, the emission from
the 4p stategsee Fig. 2dl demonstrates a signifi-
cant prepeak, whereas the emission lines for higher
levels (i.e. 7s and 4d states in Fig. 2b,c, respec-
tively) show opposite behavior. Their emission
intensities are smaller at 2 ms than at 5 fas
distances>4 mm). The copper atom lines dem- sse o s o 3

onstrate similar behavior: lower-energy lines show 25 130 135 140 145 150 155 16.0
a pronounced prepeak but emissions from higher E

energy lines are weaker in the prepeak domain

than in the steady state. Lines between the upper § 47 oI

and lower levels, i.e. the 5p states, generally reach 121 o'/lPrepeak

a steady-state signal quite early in the pulse and £1°12mm

do not fluctuate considerably until voltage termi-
nation. The initial gas breakdown therefore appears
to selectively overpopulate the lower levels and

147 411
12 olY/Iprepeak

101 6 mm o

OO [ ]
[ ]
oo °

Ratio of emission intensities

Ratio of emission

8
€]
4
2
0
1

underpopulate the upper levels with the respect to ewe o s ww®s
the .plateau signals. 25 130 135 140 145 150 155 16.0
Fig. 7 shows the after-pegkteady-state and E,

after-pealprepeak emission ratios for all the argon
lines in Table 1 plotted as a function of the energy Fig. 7. Plots of the after-pegkteady-state(/'’/) and after-
of the emitting levels. At 6 and 10 mm above the PeaKprepeakl'/lyepeal intensity as a function of the energy

f L level of the emitting level at different sampling distances above
cathode, the after-peggrepeak ratios are signifi- " i ode.
cantly larger than the after-peaiteady-state ratios
for the higher-lying states. This implies that the
higher-lying states are considerably less populatedVia €electron excitation from the ground state
in the prepeak than during the steady state. The according to the corona balance, but as the electron
higher population of the lower levels in the pre- nhumber density increases these lower-excited states
peak(as observed for the 4p states, Fig) 2tems become overpopulated and subsequently excite to
from the initial conditions of the plasma. At the increasingly higher levels according to the satura-
onset of the voltage, the argon ground state is tion balance. The lower excited levels therefore go
severely overpopulated and the applied electric through a maximum as the populatjftepopulat-
field decreases linearly between the cathode anding mechanisms shift from the corona to the
anode. As fast electrons ionize the argon, the saturation balance. Because the plasma is more
charged-particle number density increases until overpopulated in the lower levels during the pre-
space-charge factors prevent any further increasepeak than during the steady state, the negative
[2€]. Initially, the lowest excited states populate glow is more ionizing in the former than the latter.
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This shift in plasma properties from a very ionizing low-lying resonance state of copper was found to
plasma in the prepeak to a lesser-ionizing plasmabe the most enhanced in the prepeak relative to
in the steady state also explains the underpopula-the steady-state domain, in agreement with the
tion of upper levels in the former with respect to current findings. Unfortunately, Yan et al. only
the latter. examined one line for each atom and ion in the
As Fig. 7 demonstrates, while the space-charge plasma, so the distribution of excited states could
factors greatly affect the distribution of states not be confirmed as in agreement with those
above the cathode darkspace, little effect is presented here.
observed within the cathode darkspace. At 2 mm
the after-peaksteady-state and after-pegtepeak  3.5. Transition from an ionizing to a recombining
ratios are very similar for all the atom lines studied. plasma
This implies that the population of states does not
change significantly between the prepeak and The above discussion has shown that the distri-
steady-state values. In the steady-state plasma, théution of excited states during the voltage-on
applied field no longer decreases linearly between period is heavily overpopulated in the lower levels
the two electrodes, but decreases almost entirelywith respect to the Boltzmann balance and under-
in the cathode fall(the distance between the populated in the upper levels with respect to the
cathode surface and the negative glow—usually Saha balance. These two observations are indica-
~0.5-2 mm [68]. In addition to the reduced tions that the GD is dominantly ionizing while the
electron excitation effect in the cathode darkspace, voltage is applied34-34. If we assume that the
excitation contributions from fast atofion colli- electron temperature decays to the bath gas tem-
sions reduce the involvement of electron excitation perature when the voltage is removig#,51 and
in the population of states in this region. This that three-body(and possibly two-bodyrecombi-
implies that any vacillation in the electron excita- nation is then possible, the plasma will transition
tion contribution to the population of states is less to a recombining phase. In a recombining plasma,
notable in the cathode darkspace than in the a downward flow of energy overpopulates the
negative glow. This explains why, in Fig. 7 at 2 higher levels with respect to the Saha—Boltzmann
mm, the transformation between the prepeak and balance. Fig. 6b shows examples of the populating
steady-state distribution of states is small and mechanisms that are dominant at different electron
largely unaffected by the development of the neg- densities in the recombining phase of plasmas.
ative glow. At low electron densities, the capture radiative
The populations of states and the departure from cascad€ CRC) balance dominates and the density
TE conditions appear to be somewhat dependableof (neutra) states is proportional top*®
on the plasma lifetime, or time-gated detection. [34,35,37,38 In this phase, depopulation is purely
Operating the PGD at shorter pulse widths, or radiative. If the electron density exceeds the so-
collecting time-gated emission signals at shorter called Griem boundary33], the depopulation of
times, places the ionizing plasma further from TE levels becomes collision-controlled. In this
conditions and preferentially populates the lower- domain, the Saha—Boltzmann balance describes
lying levels while effectively attenuating emissions the higher levels and the saturation de-excitation
from the higher excited levels. Operating at longer balance describes the lower levels. Lower levels
pulse widths(>4 mg), or time-gated monitoring  occupied by the saturation de-excitation balance
at these longer times, encourages the formation of, are then populated proportionalzo ©. The bound-
and therefore emission from, the higher-level lines. ary that distinguishes the de-excitation mechanisms
In agreement with the previous discussion, Yan of the higher and lower quantum levels is called
et al. recently demonstrated that increasing the the Byron boundary and is discussed in detail
pulse width from 2 to 20Gs significantly affected  elsewhere[34,37. It usually occurs around the
the relative populations of various levels in the sixth principle quantum number for a helium-like
copper and argon atom and ion stafés]. The atom. Electron densities in the PGD used here are
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expected to fall in the CRC zone, and therefore

provide a population inversion in the after-peak 3500: .
related ton(p)/g(p) ~p**. 2 Zzgz . T
p [

The after-peakplateau emission ratios measured 2
for the various excited levels of atoms demonstrate &
the diversity in the population of energy states &
between the ionizing and recombining phases of &
the plasma. When the electron density in the PGD
is below 16° cm® , the population of states in the 025 18 135 14 145 15 155 16
ionizing and recombining phases will be propor- P

tional to p %% and p 15 respectively. The ratio of _ _
the after-peaksteady-state emission signals would F'9: 8 Argon atom decay rates as a function of the upper
. . energy level of the emitting species. Rates were determined
then be expected to scale accordingt§ i.e. from the plots of Ifif) vs. time between 5.4 and 7 ms and had
scale to the square gb. Fig. 4b and Fig. 5B  minimum R coefficients of 0.99, indicating first-order decay.
suggest that the relationship between the after-
peak/steady-state emission ratio and the energy . . .
levels (an approximation for the quantum levkels point will decay faster than levels above it

does indeed increase above a certain value energ)}?emarkably, this phenomenon agrees, qu.alita.tively
(~15 eV for Ar . ~5.5 eV for Cu ), but the at least, with the decay rates measured in Fig. 8,

in which the lower leveldE,<13.5) decay at a

2000
1500 |
1000 1
500

lack of data at higher energies prevents the deter-" . :
mination of the exact relationship. This increase Sightly faster rate than the higher levels. These

in the after-peakplateau emission ratio for higher- results suggest that the cascade contribution from

lying states provides convincing evidence that Nighly excited states of Ar | are indeed largely
recombination reactions between atomic ions and réSPonsible for the occurrence of the after-peak

electrons in the CRC domain account for the ©Pserved.

majority of emissions occurring in the afterpeak.  1he argument for CRC involving argon ions in
the after-peak is supported by many previous

reports in the PGD literature. As Yan et al. dem-
onstrated, the after-peak emission intensities
increase as the pulse width increafgd. Increas-

In an effort to understand better the source of iNg the pulse width increases the number density
after-peak emissions, we refer to the CRC model Of argon ions and therefore the probability of
developed by Fujimotd37,39 (see Fig. 6. At recombination in t_he after-peak. At pulse widths
the electron densities expected in this study Pelow 20ps there is almost no notable after-peak
(~10' cmr3) the plasma passes through a very for the Arlor Cu | states. The after-peak becomes
interesting phase in the CRC diagrd6v,39: the  clearly visible at pulse widths longer than 5.
‘cascade’ contribution dominates the ‘capture’ con- This argument is supported by the observations of
tribution as a method of populating lower energy other groups that after-peak emissions are typically
levels. For example, in hydrogen, radiative decay not observed in discharges with pulse widths short-
from thep>6 levels is responsible for more than er than 50us [8,9,31,70—-7H unless considerably
90% of the populating mechanism for the=5 higher powers are used to generate more charged
state. This implies that simple radiative decay from pairs[59].
highly excited levels is increasingly important for In agreement with Bogaerts and Gijbé8i, 74,
the downward flow of energy exhibited in the we find a disparity between the recombination
after-peak. Also, because of a so-called bottleneck rates observed in the PGD after-peak and the
effect [34,37 caused by the slightly different de- recombination rates predicted at an electron density
excitation mechanisms above and below a critical of 10** cm 2. Assuming radiativétwo-body) and
guantum levekat p =6), levels below this critical  three-body recombinations to be dominant, the

3.6. Mechanistic notes related to the source of the
after-peak
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electron density would have to be taken as at leastsaturation balance later in the pulse lifetime
two orders of magnitude larger than expected in enhances the population of levels closer to the IP.
order reconcile the calculated recombination rates Factors such as the initial state of the gas, the
with our measured decay rates for the argon atom method of energy deposition in the plasma, the
lines. The measured rates would require electron loss of charged patrticles to the walls and the loss
densities in the region of 10 c¢nd (implying 1% of radiation all contribute to deviations from TE
ionization of An. As this is quite unlikely, this and render an ionizing state in the plasma. The
seems to indicate that either the electron density initial state of the gas is more influential at the
must dramatically increase at the onset of the pulse onset, which gives rise to the observed
afterglow, or that that an alternative mechanism attenuation of higher lines and enhancement of
must be responsible for the significant increases in lower lines.

the population of metastable argon atoms during Voltage termination results in electron thermal-
the after-peak. Mason et al. recently performed ization and plasma recombination, demonstrated
some experiments with a flowing afterglow GD by the CRC flow of energy and population inver-
[76] and offered evidence for significant contri- sion in the after-peak. Levels closest to the IP
butions from long-lived excited states of argon to become overpopulated with respect to TE condi-
metastable atom formation. These neutral statestions and cause a bottleneck effect in the down-
are speculated to be high-lying Rydberg states or ward flow of energy—meaning that the lower

auto-ionizing region(i.e. above the IP of Ar)l
between 27 and 34 e\[77-8J. Mason et al.
proposed that these levels could contribute to
metastable formatiogat 11.55 and 11.72 e\Wia
radiative or collisional decay and that the highly
excited levels might be more quickly quenched by
contaminant gases. The confirmation or refutation

energy states depopulate more quickly than the
higher energy states. Recombination effects are not
observed close to the cathode, presumably because
the electrongions diffuse to the cathode surface
and are not available for recombination reactions.
Disparate behavior is found between the decay
rates of optical emission lines measured here and

of the contributions of such states to the after-peak the expected rates for recombination found in the

period of the PGD is something we plan to
investigate further.

4, Conclusions

Characterization of the light emitted by excited

literature. This difference can best be explained if
high-energy Rydberg states or auto-ionizing states
are available in sufficient numbers in the early
after-peak region. Cascade contributions from these
levels could presumably contribute to the after-
peak observed, reducing the necessity for capture

argon and copper atoms and ions reveals theto take part in the CRC behavior of the after-peak.

transient nature of the flow of energy in different
regions of the plasma. Fast atdion collisions

dominate the upward flow of energy to the lower
energy levels within 0—2 mm of the cathode during
the voltage-on period, but this mechanism is not
significant for the higher excited states or in the
negative glow(>3 mm). Electron excitation gov-

erns the latter region during the prepeak and

The sputtered-atom excited states display very
similar behavior to the bulk-plasma gas atoms,
argon, and this has important ramifications for
analytical applications. The judicious selection of
the pulse width or time-gated selection and spatial
position can significantly affect the absolute emis-
sion intensity and the attenuation of unwanted
emission lines: shorter times promote lower energy

steady-state regimes, but not to the same extent attransitions and longer times and the after-peak
each time. The development of space-charge promote higher energy transitions.

effects as the plasma lifetime increases drives the

lower levels from the corona balance towards the
saturation balance, with the result that the lower
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