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Recently, an anomalous evolution of argon metastable density with plasma discharge power
(electron density) was reported [A. M. Daltrini, S. A. Moshkalev, T. J. Morgan, R. B. Piejak, and
W. G. Graham, Appl. Phys. Lett. 92, 061504 (2008)]. Although the importance of the metastable
atom and its density has been reported in a lot of literature, however, a basic physics behind the
anomalous evolution of metastable density has not been clearly understood yet. In this study, we
investigated a simple global model to elucidate the underlying physics of the anomalous evolution
of argon metastable density with the electron density. On the basis of the proposed simple model,
we reproduced the anomalous evolution of the metastable density and disclosed the detailed
physics for the anomalous result. Drastic changes of dominant mechanisms for the population and
depopulation processes of Ar metastable atoms with electron density, which take place even in
relatively low electron density regime, is the clue to understand the result. © 2011 American

Institute of Physics. [doi:10.1063/1.3640518]

I. INTRODUCTION

The energy levels from which electric dipole radiation is
forbidden are called metastable." An atom or molecule in
metastable state can have much longer life-time than typical
excited species which decay via electric dipole radiation.”™
Moreover, metastable levels are highly excited above the
ground state so that metastable species can act as an energy
reservoir. Because of these unusual properties, metastable
species have been an interest in various fields such as geo-
physics, gas discharge lasers, and material processing
plasmas.>” In particular, in high density plasmas indispensa-
ble for modern semiconductor and display industries, meta-
stable species play a crucial role in the plasma properties
because the metastable species exist in a large fraction of the
ground state atoms and thus, reactions concerned with meta-
stables such as penning ionization and metastable pooling
can occur appreciably. Hence, metastables have a consider-
able effect on the electron energy distribution function
(EEDF) which is one of the most important parameters in
plasmas.®"! In addition, the multistep ionization through the
metastable state is known to be a dominant sustaining mech-
anism in high density discharges.'*™'*

There have been a number of experiments and theoretical
calculations especially on argon atom metastable states (1s;
and 1ss in Paschen notation) density with regard to plasma
power or pressure. In experiments, various techniques such as
laser induced fluorescence (LIF),">™'® laser absorption spec-
troscopy (LAS),"®'" and optical emission spectroscopy
(OES) (Refs. 26-29) were used to measure 1D or 2D distribu-
tion of metastable density. In theoretical research, by using
various computational modelings such as collisional-radiative
(CR) model or global model, 1D particle-in-cell (PIC) with
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Monte Carlo collisions (MCC), fluid model or hybrid Monte
Carlo fluid model, extensive investigations have been
conducted.?*7 Recently, Daltrini et al 3% and Graham et al.>®
reported a striking result that during the mode transition of
inductively coupled plasma (ICP) discharge, there is a change
of metastable density trend with plasma discharge power. In
E-mode, the metastable density increases as the plasma power
increases; however, it starts to decrease when the discharge is
in H-mode. This anomalous evolution of metastable density
with plasma discharge power has never been reported before.
For example, Hebner and Miller'” measured a slightly
decreasing metastable density by LIF as the power increases
in Ar ICP and suggested that it is due to the reduction in gas
density by gas heating. However, Graham et al. mentioned
that the decrease of the metastable density with power in
H-mode of ICP in their experiment does not seem to be attrib-
uted to gas heating through measuring the rotational tempera-
ture of a trace amount of N,. Tadokoro et al?! also measured
2D metastable density distribution in Ar ICP by LAS and
suggested that the increase of the power does not necessarily
increase the metastable density considering the electron
induced quenching. Recently, Zhao and Wang'' reported that
the measured trend of metastable density by Daltrini et al.
can be understood as a result of the spatial distribution
change. Using the MC/fluid model where diffusion dominated
metastable equation is inserted, they obtained 2D metastable
density distributions in various conditions. When plasma
power (or coil current) increases during the E-mode, metasta-
ble density increases with the maximum peak located in the
center of discharge; however, in H-mode, the maximum peak
of metastable density moves to the region close to the ICP
antenna, therefore, at a fixed measurement point metastable
density can seem to be anomalous. This suggestion is quite
clear but limited to diffusion dominated metastable condition.
On the other hand, Park er al.* suggested that the anomalous
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evolution of metastable density can be due to the evolution of
the EEDF during the mode transition. Changes in tempera-
tures and densities of two different energy groups of elec-
trons, accompanied by the EEDF evolution from a bi-
Maxwellian to a Maxwellian during the mode transition, can
affect the metastable density behavior. This is valid only in
the case of non-local electron kinetic regime, and the calcula-
tion was done by inserting the experimentally measured pa-
rameters, not by self-consistent manner. In fact, the
metastable density behavior with electron density (plasma
power) remains not fully understood due to the absence of ba-
sic underlying physics, even though its importance cannot be
overemphasized. In most cases in various processing plasmas,
electron density is a typical internal parameter which can be
controlled by adjusting radio frequency (RF) supply power. If
we understand the relation between electron density and
metastable density, it may provide us another control knob of
discharge property and possibility leading to advanced plasma
discharges for the future processing.

In this study, to establish basic physics of metastable den-
sity behavior with electron density, a simple global model pre-
sented by Lee and Chung®’ is used to calculate argon excited
states densities (metastable state (4s), resonant state (4s), and
4p excited state). By solving three steady-state balance equa-
tions for metastable state (n,,), resonant state (n,) and 4p state
(n,), we can obtain expressions for 1, n, and 7, as a function
of electron density and electron temperature. From the particle
balance equation, electron temperature is obtained by insert-
ing electron density as an input parameter. Obtained electron
temperature can be inserted into equations for 7, n, and n,
and then, three excited states density behaviors with electron
density are obtained. The obtained n,, exhibits an anomalous
evolution with electron density which agrees well with the ex-
perimental result in previous literature.*®* Drastic changes of
dominant mechanisms for the population and depopulation
processes of Ar metastable atoms with electron density, which
takes place even in relatively low electron density regime, is
the clue to understand the result.

Il. MODEL

Modified particle and power balance equations includ-
ing multi-step ionization in argon ICP discharge were
derived and solved in a self-consistent manner by Lee and
Chung.*” In this paper, equations presented by Lee and
Chung are replenished by finding missing terms which will
be underlined in the expression.

The particle balance equations of each excited state are
as follows:

dn,,
dt

= Kgmhehg + K,mnen, + (Kpmne +Apm,eﬂ')np

D ¢
- |:(Kmr+Kmp +ng +Kmi)ne +[\j;f:| ny, =0, (1)

dn,
= = Koneng + Kyytieny + (Kprtte + Apy o )11

D,y
- |:(Krp + Krm + Krg + Kri)ne + Ar,eﬂ + Ag:| ny = 07

(@)
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d
% = Ky,n.n, + Kypneny, + Kppnen,
- [(Kpm + Kpr + Kpg + Kpi)ne + Apmefr

D
FAprofp + A—f n, =0, (3)

where n,, is 4s metastable state density, 7, is 4s resonant state
density, and 7, is 4p state density. K;;’s are the rate constants
of processes from j state to k state by electron impact, where
jand k can be g, i, m, 1, and p corresponding to ground state,
ionized state, metastable state, resonant state, and 4p excited
state, respectively. D4 is the effective diffusion coefficient
and A is the effective diffusion length given by

e

Here, yo1 ~ 2.405 is the first zero of the zero-order Bessel
function. A, o Aprep and A, o are effective radiative
decay rates from 4p state to metastable state, 4p state to reso-
nant state, and resonant state to ground state. These are cal-
culated according to the model of Ashida er al.*' considering
the reabsorption of optical emission. All other rate coeffi-
cients and effective diffusion loss rate (D) are listed in
Table T and also followed from Lee and Chung.*? Above
three equations consist of a linear system in three variables
Ny, . and n, assuming other coefficients as symbolic
constants then #,,, n, and n, can be calculated as follows:

TABLE I. Reactions and corresponding rate constants used in calculations
(Ref. 42). Unit of Kism®s ' and Ais s

Reaction Rate constant
Ar+e —Art+2e Ky = 2.3 x 10714708 exp(—15.76/T,)
Ar,,+e —Art +2e Kyi = 6.8 x 1075797 exp(—4.2/T,)

Ar,+e —Art +2e
Ar,+e —Art 4+ 2e
Ar+e —Ar,,+ e
Ar+e —Ar, +e
Ar+e —Ar,+e
Ar,,+e —Ar+e
Ar,+e —Ar+e

K, = 6.8 x 10715T% exp(—4.2/T,)
Ky = 1.8 x 107B7%6 exp(—2.61/T,)
Kgn = 2.5 x 1075707 exp(—11.56/T,)
Ko = 2.5 x 1075707 exp(—11.56/T,)
Ky = 1.4 x 10714707 exp(—13.2/T,)
Kyg = 4.3 x 107167074
K., =4.3 x 107167074
Kpe = 3.9 x 107167071
Knr=20x10""

Kyp = 8.9 x 10713795 exp(—1.59/T,)
K, = 8.9 x 1073793 exp(—1.59/T,)
K.,=30x10""

Ar,+e —Ar+e

Ar,,+e —Ar,+e
Ar, +e— Ar,+e
Ar,+e— Ar,+e
Ar,+e — Ar,+e

Ar,+e— Ar, +e Kpm = 1.5 % 107137?.51
Ar, e — Ar +e K, = 1.5 x 107137931
Ar, — Ar+ hv Avgp=35 X 106
Ar, — Ar,,+ hv Apmep=3 % 10*
Ar, — Ar, + hv Apr =3 x 10*
D> ng* 1.0x 10% (m~'s™")

“n, is atom density of ground state in m .
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1
m =", [(bCKgm + bK gpApm)e + (DK gpKpm + cK oy Kim

+ KorKipApm + KngrmApr_KngmApr)”g

+ (Kngerrm + Kngerpm Kngpl K)p) ]ng7 (4)

1
n=- (acKgr +aK, Ap,)ng + (K gmKpr + aK g, K,y

=+ KngmpApr + KngmrApm_KngmpApm)ng

— K, K, ,K

+ (K Kmemr +Kng K gr-xmp pm) }ng (5)

1
np:&pr@mf+meKp+waKWm§
+ (Kngrmep + KngmrKrp Kngmi K)m) }nga (6)

where
D,
a= (Kmr + Kml’ + ng + Kmi)ne + A—j;fa
Doy
b = (Krp + K,Am + Kl‘g + K”')ne +Al‘g,eﬁ’ + 77
Doy
€= (Kpm + Kp' + Kpg + Kﬁl>n€ + Apm eff + AIJ/ seff +—5

M’

o = abc — (aK,pApr off + DK npApm)nie

— (aKp Ky + DKpK o + K K

+ KmPK"mAP";C’ff + Km"K"PAPm-,eﬁc)ng

- (KmprrKrm + KmrKerpm)ng
The electron and ion fluxes to the wall are given by
I', =T =nsug. 7

Here, up is the Bohm velocity and n; is the electron density
at the plasma-sheath edge. Godyak.” has solved the diffu-
sion equations analytically and obtained the analytical solu-
tions for 7, and expressed as follows:

g = nehh g, = nehra
L —1/2 (8)
mzu%@+q) ,
2/Ll‘
—1/2
By~ 0.80( 4 , 9
( +tor i) ©)

where ng; and n,, are electron densities at the axial and ra-
dial plasma-sheath edge. /; is the ion-neutral collision mean
free path and given by 4; = (330p) ' cm in argon at pressure
p(mTorr)." The particle balance equation between the total
volume ionization and the total surface ion loss is written as

Z VK, e = V( gillg + Kminm + Krinr + Kpinp)nc’
= NeUp (Alhl +A,~h,~),
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where V=nRL is the plasma volume and A;=27R> and
A, =2nRL are sheath areas of axial and radial directions,
respectively. In the calculation, the chamber size was
assumed as R=8 cm and L=4 cm (as the same size as
GECRC (Ref. 44)) and pressure was set at 50 mTorr.

lll. RESULT AND DISCUSSION

Calculated densities of metastable state (n,,), resonant
state (n,), and 4p excited state (n,) are shown in Fig. 1 as a
function of electron density. Metastable state density n,,
shows an anomalous evolution with electron density in low
electron density regime, quite analogous to the previous
experimental results.>®**° On the other hand, resonant state
density n, and 4p excited state density 7, increase monotoni-
cally, also well agreed with previous experiments.*>¢

Behavior of 7, can be understood from population
(generation) and depopulation (loss) balance point of view.
First, let us divide electron density range into three regimes
with respect to the metastable density behavior with electron
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FIG. 1. (Color online) (a) Calculated metastable state density (1,,), resonant
state density (n,) and 4p state density (np) against electron density. (b) Meta-
stable density with diffusive loss (solid line) and without diffusive loss
(dashed line) against electron density in log scale. Electron density range is
divided into three regimes with respect to behavior of metastable density.
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density as shown in Fig. 1(b) and find out what are the domi-
nant population and depopulation mechanisms for metastable
state. Here, population and depopulation mechanisms can be
classified as electron collisional or non-electron collisional
one. Non-electron collisional means the processes occurring
without electron collision such as radiative decay to lower
level or diffusive loss to walls.

In the electron density range n, < 10° cm > relevant to
the beginning of regime (I), the dominant depopulation
mechanism for n,, is diffusive loss to walls (nm[/)\”sz ) and the
dominant population mechanism is, however, not distin-
guished between electron collisional and non-collisional
(radiative) in Fig. 2. Electron collisional population mecha-
nism indicates electron impact excitation from ground state
K¢mngn,, mixing from resonant state K,,nn. and de-
excitation from 4p state K,,n,n.. Radiative population
mechanism is radiative decay from 4p state A, .41,. In this
range, balance equation for ,, can be expressed as

D

n >~ (Kgnig + Koty + Kpmntp)ne + Apmegrnp.  (10)

The left and right sides of above equation correspond to
depopulation and population rates, respectively. On the right
side, electron collisional population rate ((Kg,ne + K,
+ K,,,,n,)n.) obviously increases with increasing electron den-
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FIG. 2. (Color online) Population and depopulation rates for metastable
state as a function of electron density, where electron collisional rate (solid
line) and non-electron collisional rate (dashed line) are separated.
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sity because electron density 7, is directly multiplied in the
expression. Of course, 1, and n, as well as electron tempera-
ture implied in the rate coefficients (K, K, K,) can affect
population rate; however, their variations are small that the
overall trend with electron density is simply proportional to
ne. Non-electron collisional population rate (A, .;7,) also
increases with electron density because A, . is a constant
value and 7, increases with electron density as shown in
Fig. 1. Monotonically increasing behaviors of n, and n, with
electron density will be discussed later. On the left side of Eq.
(10), depopulation rate is simply expressed as the state density
n,, multiplied by constant value Lj\”ff . Therefore, in the begin-
ning of regime (I), population rate (right side of Eq. (10))
increases with increasing electron density and then metastable
density (left side of Eq. (10)) should increase to balance popu-
lation and depopulation rates in the steady-state. In other
words, n,, has an increasing behavior with electron density
when 7, < 10” cm ™ because depopulation mechanism is non-
electron collisional, thus proportional only to 7, itself. This
argument can be double-checked by the calculation result
assuming no diffusive loss (D.;=0). Fig. 1(b) shows that if
there is no diffusive loss, increasing behavior of metastable
density in regime (I) does not appear. It is noticeable that due
to non-electron collisional depopulation mechanism (diffusive
loss to walls), metastable density can exhibit increasing
behavior with electron density in regime (I).

In regimes (II) and (IIT) of Fig. 1(b), calculated results
with and without diffusive loss are not much different
because in that range the dominant depopulation mechanism
is electron collisional (Fig. 2). Thus, balance equation for 7,,
in this range can be expressed as follows ignoring diffusive
loss:

My (Kmr =+ Kmp =+ ng + Kmi)ne
~ (Kgnig + Ky + Kpmitp) e + Apmegip. (11)

Now, the dominant depopulation rate in the left side is elec-
tron collisional: electron impact mixing to 4s resonant state
K,y nyn,, excitation to 4p state K,,,n,n., de-excitation to
ground state K,,.n,n,, ionization K,,n,n.. In this case,
behavior of metastable density cannot be determined simply
with the same manner as above because 7, is multiplied on
the left side, i.e., electron collisional depopulation mecha-
nism. Instead of Eq. (11), we can express n,, as follows:

Ny (Komntg + Koty + Kpnty ),

(K"" + Kinp + King + Kmi)ne
Apmeffhp

(Kmr + K,y + Ky + Km,')ne '

+

(12)

Above equation is divided into two terms by the population
mechanisms in the numerators: electron collisional (the first
term) and non-electron collisional (the second term). We cal-
culated two terms in Eq. (12) separately to see how they
behave with electron density and contribute to behavior of
metastable density (Fig. 3). It is found that the second term
is the origin of decreasing behavior of metastable density in
regime (II). The second term of Eq. (12) shows a drastic
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FIG. 3. (Color online) Metastable density (nm) when n, > 10" cm™> and
each term of the Eq. (12) as a function of electron density, where (1) (dotted
line) and (2) (dashed line) corresponding to the first and the second terms of
Eq. (12), respectively.

decrease with electron density in Fig. 3, which is correspond-
ing to the result of the balance between population from 4p
state by radiative decay and depopulation by electron colli-
sion to ground state, 4p state, resonant state, and ionization,
i.e., balance between non-electron collisional population
mechanism and electron collisional depopulation mecha-
nism. The second term in Eq. (12) can be approximated as

Cny,
on,

where C is constant corresponding to radiative decay rate con-
stant from 4p state and o is an arbitrary function of electron
temperature 7,. Then, it would follow the trend of 'ZT” assuming
small 7T, variation. In this case, however, we cannot expect
how Z—” behaves with electron density only with the fact that 7,
increases monotonically with electron density. Thus, we use
the numerical fitting result 7, ~ 6.58 x 107 x n%2% obtained
by numerical fitting based on a simple form of a x nZ where a
and b are arbitrary fitting parameters. At this time, we adopt
this result and will discuss later how n, can be expressed in
such a simple form. Then, ;2 follows the trend of .5, where
% <1 and this term would decrease with electron density, and
in fact, it shows decreasing behavior with electron density in
Fig. 3. The decreasing behavior of metastable density with
electron density in regime (II) results from the balance
between non-electron collisional population and electron col-
lisional depopulation.

The first term of Eq. (12), corresponding to the balance
between electron collisional population and depopulation
mechanisms, shows increasing behavior with electron den-
sity. In this term, n, can be canceled out, then

p

T
Zn,+Ln +=n
R A

where a, 3, 7, and ¢ are arbitrary functions of electron temper-
ature T,. Because T, does not change significantly, this fol-
lows the trends of n, and n,. Since we know that n, and n,
increase with electron density from the calculation (Fig. 1(a)),
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this term exhibits increasing behavior with electron density as
shown in Fig. 3. This term corresponds to the behavior of met-
astable density in regime (IIT). It is noticeable that because
both population and depopulation mechanisms are electron
collisional, metastable density can be simply understood and
found to follow the behaviors of 7, and n,,.

In brief, anomalous evolution of metastable density with
electron density is attributed to the combined effect of popu-
lation and depopulation mechanisms. In particular, when
population mechanism for metastable state is non-electron
collisional and depopulation mechanism is electron colli-
sional (regime (II)), metastable density can have a decreas-
ing behavior with electron density. It is obvious that when
non-electron collisional depopulation mechanism is domi-
nant (regime (I)), metastable density increases with electron
density. When population and depopulation mechanisms are
both electron collisional, metastable density also increases
with electron density (regime (III)).

Now, let us discuss the behavior of n, and n, with elec-
tron density. As mentioned above, monotonically increasing
behaviors of 7, and n, with electron density can be
expressed as a simple form of a x n’ obtained by numerical
fitting, where a and b are arbitrary fitting parameters. Let us
see how n, and n, can be expressed in such a simple form.
Fig. 4 shows calculated depopulation rates for each state.
For n,, radiative decay to ground state is the dominant
depopulation mechanism in the whole electron density range
(Fig. 4(a)). This is the same situation as metastable state
when diffusive loss (non-electron collisional) is the domi-
nant depopulation mechanism (regime (I)). That is, because
population rate is only proportional to n, itself, n, should
increase with increasing electron density to balance popula-
tion and depopulation rates. Thus, resonant state density 7,
exhibits monotonically increasing behavior in the whole
electron density range. For n,, radiative decay to metastable
state and resonant state are the dominant depopulation
mechanisms until 7, ~ 10''cm™3. Above n, ~ 10''cm~3,
the dominant depopulation mechanism is changed to elec-
tron collisional. However, for 7, there is no non-collisional
population mechanism. Both population and depopulation
mechanisms are electron-collisional and thus, n, again
exhibits increasing behavior with electron density. In fact,
there exists population mechanism from higher states by
radiative decay; however, since their number densities
would be very low, we can ignore its contribution. The tran-
sition of depopulation mechanism affects the increasing
slope of n,. In Fig. 1(a), we can see that above n, > 10"
cm ° the increasing slope of n, is decreased. Based on
aforementioned argument, 7, and n, can be expressed as
follows:

(Kgrig + Koyt + Kpritp)te + Apr.ernp
A"gveﬁ' '

~ (13)

r

When n, < 10" cm73,

N~ (Kgpng + Kuptyn + Kpny e 14
14 (Apm,eﬁ‘ + Aﬁm-,eﬁ”)

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://php.aip.org/php/copyright.jsp



103510-6 Park et al.

10[8
10" r —— Radiative

10°f — -Electron collisional
mlsfr - - - Diffusive

10" r
107 ._
10° s -
10" r L.
ok

10 -' P
10° 3 4
10°F 7

107 T Y BT B R
10° 10° 10" 10" 10" 10"

Depopulation rate (cm'3 s

Electron density (cm™)
(a)

10 —— Radiative

? o o Pl -
107f == Electron collisional P
1w - - -Diffusive -

Depopulation rate (cm™ s™)

108 E......I sl vl vl el il
10° 10° 10" 10" 10" 10"

Electron density (cm™)

(b)

FIG. 4. (Color online) Depopulation rate for (a) resonant state (b) 4p state
as a function of electron density.

When n, > 10" cm73,

b~ (Kgpng + Kuptyy + Kpny e
" (Kpm + Kpr + Kppg + Kpi ), .

(15)

Above equations can be simplified as a form of a x n° as we

assumed above. We suggest that density of ordinary state
which can be depopulated by radiative decay exhibits monot-
onically increasing behavior with electron density.

As summarizing the above argument, when the electron
density is below 10" cm ™3 (regime (I)), metastable density
rapidly increases as the electron density increases due to
the diffusive loss mechanism, then it starts to decrease (re-
gime (II)) because the dominant depopulation mechanism
is changed to electron collisional; but the dominant popula-
tion mechanism is still a radiative process (non-electron
collisional). When n, > 10'? cm ™3 (regime (III)), both
dominant depopulation and population mechanisms are
electron collisional, and the metastable density increases

Phys. Plasmas 18, 103510 (2011)
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FIG. 5. (Color online) (a) Metastable density as a function of electron den-
sity at pressures 1 mTorr (solid line), 10 mTorr (dash-dotted line), 100
mTorr (dotted line). (b) Metastable density as a function of pressure at three
fixed electron densities (109 cm’3, 10" cm’3, 10" cm’3).

following the behaviors of n, and n,. Due to its intrinsic
characteristic—electric dipole radiation forbidden, the tran-
sition of depopulation mechanism from non-electron colli-
sional to electron collisional occurs at relatively low
electron density range, and metastable density can decrease
with electron density above a certain electron density. In
the case of ordinary excited states such as resonant state
and 4p state, because they can be depopulated by radiative
decay which is quite a strong non-electron collisional
depopulation mechanism, the transition of depopulation
mechanism occurs at high electron density range where
population mechanism is already changed to electron colli-
sional; thus, they exhibit monotonically increasing behavior
with electron density.

Let us discuss briefly the possibility to control metastable
density behavior. Figure 5(a) shows that metastable density
behavior with electron density can be varied at different pres-
sures. At low pressure, metastable density behavior is mono-
tonic; however, as the pressure increases anomalous behavior
of metastable density appears at low electron density regime.
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This indicates that the pressure change affects the strength of
diffusive loss mechanism and this can lead to the modification
of metastable density behavior. It is noted that the offset of
metastable density also exhibits anomalous behavior, sug-
gested as due to the combined effect of electron density and
temperature change. Figure 5(b) also indicates that if we fix
the electron density, then the metastable density shows an
anomalous behavior with the pressure above a certain electron
density. At low electron density (n, = 10° em ), the domi-
nant depopulation mechanism is diffusive loss to walls and
increasing behavior of metastable density is observed as the
pressure increases. However, at intermediate electron density
(n,=10' cm~?) and high electron density (1, = 10" ecm ™),
metastable density decreases after a certain pressure although
their extent of change with pressure is different. In practice,
plasma power can be fixed and electron density will be
increased with increasing pressure and electron temperature
also changes, so the metastable density behavior with pressure
at a fixed power becomes rather complicated.'”*> This may
be understood based on electron density, but further investiga-
tion is needed.

IV. CONCLUSION

We investigated excited states argon atom densities via
a simple global model. Calculated result indicates that meta-
stable state density exhibits an anomalous evolution with the
electron density; meanwhile, other excited states show
monotonically increasing behaviors, which agrees well with
the experimental result in previous literature. It is found that
drastic changes of dominant mechanisms for the population
and depopulation processes of Ar metastable atoms with
electron density, which takes place even in relatively low
electron density regime, are the clues to understand the
result. We have also looked into the possibility to control
metastable density behavior. It is suggested that pressure is
also a key factor to control metastable density together with
the power (electron density). Thorough understanding of
metastable density behavior will provide us another control
knob of plasma discharge for the next-generation processing.
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