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A time-dependent global model, which consists of energy and particle balance equations, is for-
mulated for a pulse-power-modulated low pressure oxygen discharge plasma. The time evolution of
the electron temperature and the plasma density are calculated. Also, the time-resolved charged-
particle density and flux are obtained by changing the duty ratio, the modulation frequency, the
pressure, and the input power. The effects of pressure and power are checked with the scaling re-
lations derived based on a global balance. The peak negative-ion density in the afterglow increases
with the modulation frequency and the input power, decreases with the duty ratio, and shows a
maximum with pressure.

I. INTRODUCTION

The use of pulse-power-modulated plasmas is benefi-
cial for a variety of plasma processing applications [1].
If the modulation frequency and the duty ratio are var-
ied, pulsed plasmas provide additional tools in plasma
processing. With the aid of pulse-power modulation,
the discharge chemistry can be altered to obtain high
anisotropy, selectivity, and elimination of microloading
during etching [2] and to obtain a higher deposition
rate and better quality of thin films when using plasma-
enhanced chemical-vapor deposition [3]. Pulsed plasmas
have also been used for the suppression of dust particles
[4] and for negative-ion sources [5].

Several studies of pulsed plasmas have been reported.
These include experimental works using quadrupole mass
spectroscopy [6], optical emission spectroscopy [7,8], mi-
crowave interferometry [9], and Langmuir probe mea-
surements [10,11]. Among earlier studies, one by Ashida
et al. [12] analyzed a time-modulated argon discharge
by using a spatially averaged model. Spatially averaged
global models have also been developed for various op-
erating regions of rf discharge plasmas [13–17] and have
been used to study continuous wave (cw) discharges in
chlorine [13] and oxygen [14,18] and pulsed discharges in
chlorine [16,19,20], SF6 [21], and CF4 [19]. Lymberopou-
los et al. [22] developed a one-dimensional fluid model to
investigate the spatiotemporal dynamics of pulsed power
inductively coupled argon plasmas. Midha et al. [23]
did a computational study on pulsed chlorine plasmas
by varying control parameters. Boswell and Vendor et
al. [24,25] developed a particle-in-cell model with non-
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periodic boundary conditions to simulate pulsed elec-
tropositive and electronegative plasmas. Mostaghimi et
al. [26] developed a two-dimensional model to study the
response of inductively coupled plasmas in an argon-
hydrogen mixture to a sudden change in its active power
under atmospheric pressure conditions.

Plasmas of electronegative gases have drawn interest
in connection with pulse-power modulation because the
negative ions can be extracted from the decaying after-
glow. Especially, oxygen plasmas have found numerous
applications in plasma processing, such as reactive sput-
tering, dry etching of polymers, oxidation, and resist re-
moval of semiconductors. Recently, Panda et al. [27]
discussed the effect of metastable oxygen molecules in
pulsed oxygen plasmas.

In this article, a time-dependent global model is used
to analyze a time-modulated oxygen discharge. The
characteristics of the plasma parameters as functions of
the duty ratio, the modulation frequency, the pressure,
and the input power are discussed. We will focus on
time-resolved plasma properties of pulse-modulated oxy-
gen plasmas generated by high-density plasma sources.
Especially, the effects of the pressure and the power are
examined in comparison with the scaling formulas de-
rived based on the global balance equations.

This paper is organized as follows: In Section II, a
physical model and basic equations are presented. Some
discussion of the scaling laws based on the physical model
follows in Section III. Section IV presents the results of
calculations and discussions. In section V, conclusions
are summarized.

II. MODEL EQUATIONS
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The reactions considered in this model and the rate constants [28] are

e+O2 → O2
+ + 2e (Ionization 2)

{
Kiz2 = 9× 10−16T 2

e exp(−12.6/Te)
}

(1)

e+O2 → O− +O (Dissociative attachment)
{
Katt = 8.8× 10−17exp(−4.4/Te)

}
(2)

O2
+ +O− → O2 +O (Recombination 2)

{
Krec2 = 1.5× 10−13(300/Tg)

0.5
}

(3)

O− +O+ → 2O (Recombination 1)
{
Krec1 = 2.5× 10−13(300/Tg)

0.5
}

(4)

e+O− → O + 2e (Detachment)
{
Kdet = 2× 10−13exp(−5.5/Te)

}
(5)

e+O2 → O− +O+ + e (Pair Production)
{
Kpair = 7.1× 10−17Te

0.5exp(−17/Te)
}

(6)

e+O2 → O +O+ + 2e (Dissociative Ionization)
{
Kdisiz = 5.3× 10−16Te

0.9exp(−20/Te)
}

(7)

e+O → O+ + 2e (Ionization 1)
{
Kiz1 = 9× 10−15Te

0.7exp(−13.6/Te)
}

(8)

e+O2 → 2O + e (Dissociation)
{
Kdiss = 4.2× 10−15exp(−5.6/Te)

}
(9)

O+ → O (Wall recombination) (10)
O2

+ → O2 (Wall recombination) (11)
O +O → O2 (Wall recombination). (12)

Since the energy levels of the metastable oxygen molecule
and atom are typically low (e.g., 1 eV), their contribu-
tions via stepwise ionization are quite low. Therefore,
the effect of metastable species are neglected for the pa-
rameter region we examine [14]. In constructing a global
(spatially averaged) model, we assume that the spatial
profiles of the charged and the neutral particles are flat
with their average values and that the charged particles
have very small sheath regions.

The densities of neutral O atoms, neutral O2

molecules, O+,O2
+, and O−, and the electron temper-

ature are taken into account as independent variables.
From the reactions above, the rate equations for the spa-
tially averaged charged particle densities (the symbol [ ]
are used) are written as

d[O2
+]

dt
= Kiz2[O2][e]−Krec2[O2

+][O−]

−O2
+
Loss[O2

+]− Sp
V

[O2
+], (13)

d[O+]
dt

= Kpair[O2][e] +Kdisiz[O2][e] +Kiz1[O][e]

−Krec1[O−][O+]−O+
Loss[O

+]− Sp
V

[O+].

(14)

Particle fluxes of positive ions, electrons, and negative
ions are written as

Γ+ =
V

A

1
deff

([O+]uB,O+ + [O2
+]uB,O2+),

Γe =
1
4
uO−

V

A

1
deff

1
1 + α

([O+] + [O2
+])exp

(
Φ
T e

)
(m−2s−1),

ΓO− =
1
4
ue
V

A

1
deff

α

1 + α
([O+] + [O2

+])exp
(

Φ
T e

)
,

(15)

where ue =
(

8eTe
πme

) 1
2
, uO− =

(
8eTi
πmO−

) 1
2
, α = [O−]

[e] , and
Φ is the plasma potential. Te and Ti are the electron and
ion temperatures, me and mO− are the electron and ion
masses, respectively. A = 2πR2 +2πRL, V = πR2L, and
the effective system length is

deff =
RL

2(RhL + LhR)
. (16)

Here, hL and hR are the ratios of the density at the
sheath edge to that in the bulk for the axial and the
radial directions respectively, and are given from low-
pressure diffusion theory as

hL =
0.86(1 + 2α/γ)

1 + α

×

3 +
L

2λi
+

(
0.86LuBO+

2

πDa+

)2
− 1

2

, (17)

hR =
0.8(1 + 3α/γ)

1 + α

×

4 +
R

λi
+

(
0.8RuBO+

2

2.405J1(2.405)Da+

)2
− 1

2

, (18)
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where γ = Te /Ti, λi is the ion mean-free path, and uBO+

and uBO2+ are the Bohm velocities of the oxygen atoms
and molecules, respectively.

The plasma potential is calculated by assuming the
flux conservation

Γ+ = Γe + ΓO− . (19)

The negative-ion density balance is written as

d[O−]
dt

= Katt[O2][e]−Krec2[O2
+][O−] +Kpair[O2][e]

− 1
4
uO−

1
deff

α

1 + α
([O+] + [O2

+])exp
(

Φ
T e

)
−Kdet[O−][e]−Krec1[O−][O+]. (20)

The balance of electrons is given in the model as

[e] = [O2
+] + [O+]− [O−]. (21)

The particle balances for the neutral species are written
as

d[O]
dt

= Katt[O2][e] +Krec2[O2
+][O−]

−OLoss[O] +O+
Loss[O

+]
+ 2Kdiss[O2][e] +Kdisiz[O2][e]
+Kdet[O−][e]−Kiz1[O][e]

+ 2Krec1[O−][O+]− Sp
V

[O], (22)

d[O2]
dt

=
Qfs
V

− (Kiz2 +Katt +Kdiss +Kpair +Kdisiz)[O2][e]
+Krec2[O2

+][O−] +O2
+
Loss[O2

+]

+
1
2
OLoss[O]− Sp

V
[O2]. (23)

Finally the wall loss rates for neutral atoms and
charged ions are modeled as

OLoss = γrec
vthA

4V
,

O+
Loss =

uBO+

deff
,

O2
+
Loss =

uBO2+

deff
, (24)

where γrec is the surface recombination coefficient and
vth is the thermal velocity of the neutral atom.

The energy balance equation can be written as

d
(

3
2 [e]Te

)
dt

=
Pabs
V
− εc2Kiz2[O2][e]− εc1Kiz1[O][e]

− (Kdissεdiss +Kpairεpair +Kdisizεdisiz)[e][O2]

− A

V

[(
|Φ|+ Te

2

)
Γ+ + 2Te Γe + 2Ti Γ−

]
. (25)

The collisional energy loss can be expressed as

Kiz2εc2 = Kiz2εiz2 +
∑

Kexc2εexc2 +Kel2εel2, (26)

Kiz1εc1 = Kiz1εiz1 +
∑

Kexc1εexc1 +Kel1εel1, (27)

where the εj terms are the threshold energies required for
the processes of ionization, excitation, and elastic colli-
sion. The energies of the escaping ions and electrons and
the plasma potential are

εi =
Te
2

+ |Φ|, εe = 2Te. (28)

In this study, an input power modulated by an ideal
rectangular waveform is used:

Pabs(t) = P0 0 ≤ t < αdτ

0 αdτ ≤ t < τ, (29)

where αd is the duty ratio and τ is the pulse period.

III. SCALING LAWS

Scaling relations between the plasma parameters and
the control parameters can be estimated based on the
global balance equations. We assume that (1) a steady
state is reached, (2) the dominant mechanism of generat-
ing ions is direct ionization of molecules and atoms, (3)
the dominant loss mechanism is diffusion loss to the wall,
(4) in the electron energy balance, the collisional energy
loss is dominant, and (5) Kiz2 ' Kiz1,Krec2 ' Krec1.

In a previous article [18], we derived scaling formu-
las relating the charged-particle densities to the con-
trol parameters and to some internal plasma param-
eters based on the assumptions above. We observed
that the positive-ion density increased with pressure at
low pressures, reached a maximum, and then decreased
slightly. This behavior seemed to be related to a tran-
sition of the dominant loss mechanism of the charged
particles in electronegative plasmas. At low pressures,
the dominant loss of charged particles is due to diffusion
(we call this range the ion-flux-loss-dominated region)
while at medium or high pressures, the loss takes place
mainly via volume recombination (the recombination-
loss-dominated region). The increase in volume recom-
bination causes the charged-particle density to decrease
with pressure since the more charged particles a dis-
charge produces, the more recombination it results in.
The increase in recombination loss, along with the diffu-
sion loss, causes the charged-particle density to decrease.

The scaling formula for the positive ions for the ion-
flux-loss-dominated region is

[O+
2 ] ∝ pyPabs, (y > 0). (30)
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Fig. 1. Time-dependent (a) electron temperature, (b)
sheath voltage, (c) electron density, and (d) negative-ion den-
sity in a pulse-modulated oxygen plasma for different duty
ratios. The oxygen pressure was 20 mTorr, and the input
power was 300 W.

Note that y depends on the gas composition, the op-
erating region, and the chamber geometry. For the
recombination-loss-dominated region, we have

[O+
2 ] ' [O−] ∝ Kiz2P

1/2
abs . (31)

Therefore, we notice that the positive-ion density de-
creases slightly with increasing pressure in this region
since Kiz2 decreases with pressure. This behavior was
also observed in a pulsed oxygen discharge [27]. The sim-
ulation of Shibata et al. [29] showed a peak in the O+

2

(dominant positive ion) density, and the experiment on
a capacitively coupled oxygen discharge done by Stoffels
et al. [30] showed a peak in the variation of the electron
density with pressure.

A large O+ concentration in a low-pressure discharge
has been sought to obtain a well-defined implant depth
for semiconductor and metallurgical applications. In a
continuous high-density discharge, the efficient produc-
tion of O+ can be realized. It is known that the abun-
dance of the atomic positive ion, O+, depends on the
surface recombination rate, the gas pressure, and the ab-
sorbed power. For a medium- or high-pressure discharge
plasmas, O+

2 is the major positive ion, and the oxygen
molecules are far from being completely dissociated due
to the very high oxygen-atom recombination frequency at
the reactor walls. However, the degree of dissociation has
been found to increase with the rf power. Lower pres-
sure and higher power discharges have a larger atomic
positive-ion density.

If we consider the representatively dominant reactions
of generation and loss in Eq. (19), we have

Kdiss[e][O2] ' OLoss[O]. (32)

From Eq. (24), we note OLoss = γrec/τa ( τa(= V/Avth)
is the confinement time of the atom). Then, we can write

[O]
[O2]

' [e]Kdissτa
γrec

. (33)

In a similar fashion, from Eq.(13) and Eq.(14),

O+
Loss[O

+] ' Kiz1[O][e], (34)

O+
2Loss[O

+
2 ] ' Kiz2[O2][e]. (35)

By noting O+
2Loss = 1/τi ( τi(= deff/uB) is the confine-

ment time of ions), we have

[O+]
[O+

2 ]
∝ [e]Kdissτa

γrec
, (36)

where we have assumed that molecular ions and the
atomic ions have the same confinement time.

The confinement times, τa and τi, are insensitive to
the plasma conditions [31]. As pressure increases, the
electron density and Kdiss decrease. Therefore, the ratio
[O]/[O2] decreases with pressure. Increasing the pres-
sure results in lower fractional dissociation; on the other
hand, increasing the power results in higher fractional
dissociation because the electron density increases with
power. We can notice that [O+]/[O2

+] scales similarly
as [O]/[O2].

From Ref. 18, we write the scaling formulae for the
ratio of the negative-ion density to electron density as

[O−]
[e]
' Katt[O2]
Krec[O+

2 ]
. (37)

This ratio increases with pressure, but decreases with
power due to the increase in [O+

2 ] in the higher-power
region.

The scaling relations above hold regardless of cw op-
eration or pulsed operation and have proven to be in
agreement with the experimental results of cw opera-
tions [32,33]. In this study, we checked the validity of
these scaling relations for the pulsed case.

IV. RESULTS AND DISCUSSION

Using a simulation based on the global model equa-
tions presented in Section II, we investigate the effects
of the duty ratio, the modulation frequency, the pres-
sure, and the input power on the time evolution of the
charged particle densities and the electron temperature.
The simulation device was a cylinder with R= 15 cm and
L= 7.5 cm.

The calculated characteristics of a pulse-modulated
oxygen plasma are shown in Fig. 1 for several duty ratios.
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Fig. 2. Density of various species as a function of time
for different duty ratios. The oxygen pressure was 20 mTorr,
and the input power was 300 W.

The pressure was 20 mTorr at a 10-kHz pulse modula-
tion frequency and a 300-W input power. We assume the
O-atom recombiation coefficient at the wall to be 0.1.

A sharp overshoot at the first stage of the on-time
is observed for the electron temperature and the sheath
voltage profiles. This is attributed to the smaller num-
ber of electrons present at the first stage of power ap-
plication. The peak electron temperature in a transient
process is then higher at lower duty ratios. As the duty
ratio increases, Te approaches the value corresponding
to cw operation. At all duty ratios, the electron temper-
ature drops to insignificant values a few microseconds
after the power is turned off. The characteristic decay
time increases with the duty ratio.

Fig. 3. Time-dependent (a) electron temperature, (b)
sheath voltage, (c) electron density, and (d) negative-ion den-
sity in a pulse-modulated oxygen plasma for different mod-
ulation frequencies (duty ratio 50 %). The oxygen pressure
was 20 mTorr, and the input power was 300 W.

The peak in the electron density increases as the duty
ratio decreases, which is due to the increase in Te asso-
ciated with higher power during the discharge on time.
This was observed experimentally by Ashida et al. [12].
The behavior of the sheath voltage is similar to that of
the electron temperature.

When the power is turned on, the O− density starts
decreasing because of dissociation of molecular species
that produce negative ions. When the rf pulse is turned
off, the electron temperature plummets in the afterglow,
and the attachment rate increases by several orders of
magnitude. As a result, there is a large increase in the
O− density. However, at some point in the afterglow, the
electron density decays sufficiently, and the O− produc-
tion rate begins to decrease. We note that the negative-
ion density (peak and time average) increases with de-
creasing duty ratio due to the temperature dependence
of the negative-ion creation and destruction reactions.
The peak values of the density are larger than those for
a cw plasma of the same average power. The increase
in the plasma density is important for high processing
rates. The offset of the period at which the negative-ion
density start to rise depends on the duty ratio, and, for
example it is about 50 µs for a duty ratio of 50 %.

It is possible to extract O− out of the bulk plasma by
modulating the plasma because the sheath voltage con-
fines the negative ions as long as the power is applied.
The negative-ion generation shows a maximum at a pe-
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Fig. 4. Flux of various species to the wall as a function of
time for different modulation frequencies. The oxygen pres-
sure was 20 mTorr, the duty ratio was 50 %, and the input
power was 300 W.

riod of about 60 µs for a duty ratio of 50 %. This is the
same trend as in an argon plasma and a chlorine plasma.
It should be noted that the densities of negative ions and
electrons are strongly affected by the surface recombina-
tion coefficient, γrec. The recombination coefficient for
oxygen atoms at the wall plays an important role in de-
termining the electronegativity of the plasma since the
dissociative attachment fraction of the gas greatly affects
the generation of negative ions.

Figure 2 shows charged-species densities during two
periods for three different duty ratios. The electron and
the positive-ion densities increase during the on-time of
the pulse. Especially, they reach a maximum just when
the power is turned off and continue to decline during

Fig. 5. Time-dependent (a) electron density, and (b) elec-
tron temperature for different pressures. The input power
was 100 W, and the modulation frequency was 10 kHz.

the off-time in the case of a duty ratio of 0.25. We ob-
serve that just after the power has been turned off, the
electron density decays faster than the positive-ion den-
sity. The relative densities of electrons, O+,O2

+, and
O− are strong functions of the degree of dissociation of
molecular oxygen. This, in turn, strongly depends on the
probability of recombination of atomic O into O2 at the
chamber walls. It is known that the O+ yield increases
with increasing electron density and that the O+ density
can be larger than the O+

2 density in the high-power case
[31]. For low or medium input power, a discharge has a
low level of dissociation. Therefore, the O+ density is
quite small compared to the O+

2 density.
Figure 3 shows the time-resolved plasma parameters

for modulation frequencies of 5 kHz, 10 kHz, and 20
kHz. At a low modulation frequency (5 kHz), the plateau
electron temperature is lower, and the negative-ion den-
sity becomes smaller. However, the time-averaged elec-
tron density gets slightly larger. The peak value of the
negative-ion density increases with the modulation fre-
quency.

Figure 4 shows the time evolutions of particle fluxes
to the wall for different modulation frequencies. The
negative ion flux to a wall in contact with the glow
discharge is usually quite small because of the sheaths.
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Fig. 6. Ratios O+/O+
2 and O−/ne as functions of pressure

in the steady-state case. The input power was 1000 W, and
γrec = 0.1.

In the afterglow, the sheaths decay on the time scale
of the electron density loss rate while negative ions re-
main in the discharge region significantly longer. There-
fore, the negative-ion flux to a wall can rise by a very
large amount in the afterglow when the sheaths have

Fig. 7. Time-dependent (a) electron temperature, (b)
sheath voltage, (c) electron density, and (d) negative-ion den-
sity in a pulse-modulated oxygen plasma for different input
powers. The oxygen pressure was 20 mTorr, and the modu-
lation frequency was 10 kHz.

Fig. 8. Flux of various species to the wall as a function of
time for different input powers. The oxygen pressure was 20
mTorr, and the modulation frequency was 10 kHz.

diminished. This figure shows that the negative-ion
flux reaches a maximum after the sheath fields have de-
cayed to near zero. The peak value of the negative-ion
flux gets larger slightly with increasing modulation fre-
quency. This dependence was investigated experimen-
tally by Overzet et al. [6] for a fluorine-helium discharge.
They observed that the negative-ion flux increased with
the modulation frequency up to a certain point and then
decreased again (that is, had a maximum with respect
to the modulation frequency). Time modulation can be
effective because the negative-ion flux can neutralize the
charge built up on a patterned surface. Samukawa and
Ohtake [34] observed highly selective, highly anisotropic,
notch-free, and damage-free poly silicon etching by using
a chlorine gas in pulsed ECR plasmas. Pulsed operation
supresses the accumulated charge in the feature.

Figures 5(a) and 5(b) show the time-evolved electron
density and electron temperature for pressures of 5, 20,
and 30 mTorr. As is explained in the preceding section,
the peak electron density has a maximum with respect
to pressure. In this figure, the 20-mTorr case produces
the largest peak density. This behavior was seen exper-
imentally in a cw discharge [18,33], and theoretically by
Panda et al. [27]. A decrease in electron temperature
with pressure is a common phenomenon both in the cw
case and the pulsed case.

Figure 6 shows the ratios O+/O+
2 and O−/ne for a

steady-state cw discharge as functions of pressure. From
the figure, we observe that the ratios are in good agree-
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ment with the scaling formulas, Eqs. (36) and (37).
Although not shown in the figures, the power depen-
dences of O+/O+

2 and O−/ne were also examined and it
was found that O+/O+

2 increased with increasing power
whereas O−/ne decreased. The results agrees well with
the experimental observations [35].

Figure 7 shows the effect of the input power on the
time evolutions of the plasma parameters. The electron
temperature and the sheath voltage have little depen-
dence on the input power. However, at higher input
power, the electron density and the negative-ion density
become larger. This behavior is consistent with the scal-
ing formulas derived based on global balance [18,36,37]
and has been verified experimentally [38]. During the
on-period, the electronegativity decreases with the input
power, exhibiting a scaling similar to that for the cw
case.

Figure 8 shows the particle flux to the wall for different
input powers. The negative ion flux increases with the
input power, but the slope of the increase is not as large
as those of the electron density and the postive-charge
density.

V. CONCLUSION

A spatially averaged (global) model, consisting of
global particle and energy conservation equations, has
been used to examine the characteristics of pulse-power-
modulated oxygen discharges. The time-resolved char-
acteristics of oxygen plasmas are investigated for vari-
ous duty ratios, modulation frequencys, pressures and
input powers. The characteristic decay time increases
with the duty ratio. The peak in the electron density
increases as the duty cycle decreases, which is due to the
increase in Te associated with higher power during the
discharge on-time. The behavior of the sheath voltage
is similar to that of the electron temperature. The peak
negative-ion density in the afterglow increases with mod-
ulation frequency and input power, decreases with duty
ratio, and shows a maximum with pressure. The pulsed
discharge shows a pressure dependence similar to that
of a cw discharge. Mass analysis, such as quadrupole
mass spectrometry, is needed to investigate the scal-
ing relations in the discharge in a more detailed man-
ner. Pulsed-operation experiments are being performed
to verify these scalings more precisely and to explore the
scaling relations in broader operating regions.
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