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Abstract

Self-organized striated structure has been observed experimentally and aumerically in
CF, plasmas in radio-frequency capacitively coupled plasmas (RF CCPs) réeently (Liu et al
2016 Phys. Rev. Lett. 116 255002). In this work, the striated structure'is investigated in a
capacitively coupled oxygen discharge with the introduction of the efféet fromsthe secondary
electron emission, based on a particle-in-cell/Monte Carlo collision model (PIC/MCC). As
we know, the transport of positive and negative ions plays a/key rolé in the formation of
striations in electronegative gases, for which, the electronegativity needs to be large enough.
As the secondary electron emission increases, electrons in the sheaths gradually contribute
more ionization to the discharge. Meanwhile, the increase of theelectron density, especially
in the plasma bulk, leads to an increased electrical @onductivity and a reduced bulk electric
field, which would shield the ions’” mobility. These changes.result in enlarged striation gaps.
And then, with more emitted electrons, obvious/disruption of the striations is observed
accompanied with a transition of electrom heating mode. Due to the weakened field, the
impact ionization in the plasma bulk is attenuated; compared with the enhanced ionization
caused by secondary electrons. This would lead to the electron heating mode transition from
striated (STR) mode to y-mdde. Besides, our investigation further reveals that «-mode is
more likely to dominate the discharge under high gas pressures or driving voltages.

Keywords: capacitively cou\pled oxygen plasma, secondary electron emission, striations,

electron heating mode transition
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1. INTRODUCTION

Radio-frequency capacitively coupled plasmas (RF CCPs) are widely used4m many high-
tech applications, such as plasma etching or plasma enhanced chemical #apor depesition
(PECVD) in semiconductor manufacturing [1-3]. In practical plasma processingy, different
properties [4-7] are usually noticed in strongly electronegative dischérges c¢haracterized by
a relatively large ratio between negative ion and electron density: n = n_/n., which is
different from electropositive or weakly electronegative discharges«[8~10]. Among these
properties, the most fundamental one is the low electrical conductivity.and large ion inertia-
induced relatively high drift electric field in the bulk region, where positive and negative
particles are the main species of charged particles. Besides the.drift field inside the plasma
bulk, ambipolar fields near the sheath edges also appear. Eleetrons could be accelerated by
the drift-ambipolar (DA) field and then sustain'the disch’arge through ionization collision
with neutrals, i.e. DA mode [11-13]. Unlike a~mode [14-17] and y-mode [18, 19], which
mainly arise near the sheath edges caused by.sheath expansion and in the sheaths caused
by secondary electrons, the DA mode mainly occurs in the plasma bulk or near the sheath
edges. Moreover, besides the DA mode, Lin‘et al. proposed a new electron heating mode
in electronegative gas recentlypi.e. STR maode [20-22]. They found that the electric field in
the plasma bulk is striated andreleetrons are accelerated within these striated fields when
some certain conditions are met in CF, gas discharges.

Indeed, lots of related mumerical [23, 24] and experimental [25, 26] studies have been fo-
cused on the electron heating mechanisms in both electronegative or electropositive CCPs,
for which, the dischargemmodes and mode transitions [27-29] dependent on different ex-
ternal parameters are always studied as the important considerations. Generally, at low
pressures or voltages; the discharge is always sustained in a-mode and would transfer to
be in y-mode with increaging pressure and voltage. DA mode [30, 31] largely depends on
the electronegativity, and the STR mode would appear only when the driving frequency is
close to the plasma ion frequency [22]. Besides these typical heating modes, the electric
field reversal [32, 33], which is usually present during sheath collapse, is also observed in
some investigations to make contributions to the electron heating. Godyak et al experimen-
tally. demonstrated the transition between a-mode and y-mode, by observing the evolution

of the electron energy distribution function (EEDF) in low pressure argon and helium RF
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discharges [34]. Denpoh et al [35, 36] and Proshina et al [31] studied the transition,from
DA mode into a-mode by decreasing the pressure and/or increasing the voltage im, CF,
discharges. In study of the self-organized striations in electronegative gas, Liu et al found
that the striations would disappear when the driving frequency becomes large, espeeially
larger than the ion plasma frequency, with the transition from STR maede,.to DA mode [22].
Besides, in their latest research they found that the transition could also appear by adjust-
ing the voltage amplitude, gas pressure or electrode gap [21]. However, in all of the related
investigations of STR mode, the effect of secondary electron emission 51 discharges was not
taken into account so far, neither was the transition of the eleetron heating mode caused by
it.

The generation mechanism of the striations in electronegative gases has been explained
in previous studies [20-22]and two conditions are necessary: firstly, the electronegativity is
high enough; secondly, the RF driving frequency is gomparable to the ion plasma frequency.
If both the two conditions are simultanéeusly met, the positive and negative ions would
oscillate back and forth in the opposite direetions. As a result, the separation of the positive
and negative charges induces an “internal” electric field, which would be superimposed on
the drift field, leading to a striated total field in the bulk. An analytical ion-ion model
was developed in Ref. [22], fromywhich, the ion displacement could be calculated and some
physical mechanisms behind ¢ould berexplained. For simplicity, the motion of positive and
negative ions is solved in thessoicalled ion-ion plasma in their model, without considering
the effect from electrons.. Howevet, in our investigations of oxygen discharges, we find that
the introduction of se¢ondaryrelectron effects may become an important factor that impacts
the formation of thé'striation structure.

As known, oxygen plasmas have been widely used in various material processing appli-
cations, suchias etching of polymer films and improvement of surface properties [37, 38].
However, dueto the/presence of metastable molecules and atoms, the chemistry in oxygen
discharges is complicated. The singlet delta metastable molecule Oz(a'A), in particular,
has_been demonstrated to play an significant role in the discharge. Both in experiments
and, simulations, the density of Og(a'A,) has been confirmed to have great influence on
the eleetronegativity for the significant contribution of the associative detachment process
O +0z(a' Ag)—O3+e to the loss of O~ [39-42]. In order to take the effects of Oz(alAy)

into account in the simulations, several methods have been adopted in some investigations.
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Bronold et al assumed a homogeneous spatial density of the O(a'A,), which is considered
to be a fraction of the Oy density [43]. The determination of the Oy(a'A,) content intheir
simulation is relatively crude but effective in comparison with experiments. “Derzsi et al
estimated the density of Og(a'A,) from a balance equation, by which, theWwall quenching
of Og(alA,) is taken into account and the Oy(a'A,) content could be calculated depen-
dent on external parameters [44]. Gudmundsson et al kinetically considered the metastable
Os(a'A,) molecule and the metastable O(*D) atom in their model and demonstrated that,
if the metastable molecule Oy(a'A,), the metastable atom Q('D) and the corresponding
reactions are included in the simulation, the peak OF ion density is gofighly 30% lower than
that if all of the metastable molecule involved reactions are omitted [45]. Therefore, from
the studies given above, we can see that the treatmentiof Os(a'A,) should be carefully
considered in the model.

In this work, by performing a PIC/MCC simulation,#ve examine the secondary elec-
tron emission effects on the striated strueture and elec¢tron heating modes in oxygen CCP
discharges. The effects of the driving voltage and discharge pressure on the discharge mech-
anism are the important considerations. The increase of the striation gap and the final
striation disruption are presented as the.secondary electron emission becomes strong. It is
indicated that, even in stronglyselectronegative discharges, the behavior of electrons have
great influences on the structure of the striations. Besides, the transition from STR mode
to y-mode caused by the secondary eléctrons is also discussed.

This paper is organized as follows. In section 2, a short description of the PIC/MCC
method is given. The simulation results are present in section 3, in which, two parts are
involved. In the firstipart,ywe discuss the striation structure, and transition of operation
modes with the&econdary electron emission coefficient over a domain of 0 — 0.21 and other
parameters fixed, Tn the second part, fixing the emission coefficient, we investigate the
influence of the' gas pressure and driving voltage on the operation mode transition. Finally,

a conclasion is given in section 4.

2. 'RIC/MCC SIMULATION METHODS

We,employ a 1d3v (one-dimensional in space and three-dimensional in velocity) electro-

static Particle-in-Cell method coupled with a Monte Carlo treatment of collision processes.
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TABLE I: List of the collisions considered in oxygen simulations. The references for.the eross

sections are presented in the last column.

# Reaction Process Reference
1. e+0g9 —0q+e Elastic scattering xpdp10
2. e+02(r=0)—02+e(r>0) Rotational excitation xpdpl

3. e+02(v=0)—02+e(v=1) Vibrational excitation xpdpl

4. e+02(v=0)—0z+e(v=2) Vibrational excitation *xpdpl

5. e+02(v=0)—02+e(v=3) Vibrational excitation xpdpl

6. e+02(v=0)—02+e(v=4) Vibrational excitation xpdpl

7 e+02 —e+02(alA;)  Metastable excitation (0:98¢V) xpdpl

8 e+02 —e+02(b'Y,)  Metastable éxcitation (1:63eV) xpdpl

9 e+02 0740 Dissociative attachrr‘ent (4.2eV) xpdpl
10. e+02 —e+02 Excitation (4.5eV) xpdpl
11. e+02 —e+0(3P)+0(3P) Dissociation (6.0eV) xpdpl
12. e+02 —e+0(3P)+0(1D) Dissociation (8.4eV) xpdpl
13. e+02 —e+0(1D)+0(1D) Dissociation (10.0eV) xpdpl
14. e+02 —e+0+0(3p°P) Dissociative excitation (14.7eV) xpdpl
15. e+05 —O(3P)4#0(1D) Dissociative recombination  xpdpl
16. e+0y —e+05te Tonization (12.06eV) oopd1®!]
17. e+O071—>0%2¢ Electron-impact detachment oopdl
18. O~ +0s(al Ay)=0;5+e Associative detachment [43]

19. O7+05 —-0405+e Detachment oopdl
20. O~ +09 -07+02 Scattering oopdl
21. 044_0; —0+0, Mutual neutralization oopdl
22. 05 +0y —05+07 Charge exchange oopdl
23. 05 +02 —05 +09 Scattering oopdl

The discharge is assumed to be operated between two 25 cm radius electrodes separated by

a gap of L = 3 cm. One electrode at x = 0 is driven by a cosine voltage source and the

other'at x = L is grounded.

Three main charged species are traced in the PIC model: O™, OF and e™. As known, the
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complicated collision processes in oxygen discharges are essential to be dealt with, especially
the collisions involving the generation and loss of O™, such as the associative/detachment
process between O~ and Os(a'A,). The cross sections or reaction rates of these collisions
affect the electronegativity as the discharge reaches steady state, and would:further deter-
mine the operation mechanism and plasma properties. Therefore, it i8tnecessary to figure
out a set of reliable cross sections for these collisions and methodsfo calculate the content
of metastable state in the chamber. In order to obtain more aeeurate simulation results,
several ways of handling these collision processes in oxygen discharge hzve been discussed in
some previous researches [46-49]. For example, in the oopd1 eede put forward in [51], the
oxygen atom in the ground state O(*P), ion of the oxygématom OF, the relevant reactions
as well as some revised cross sections from the well gstablished xpdpl [50] code are taken
into account besides Oy, Of, O~, and e~. As a subsequent study, the singlet metastable
molecule Os(a'A,) and the metastable oxygen atom/O(:D) have been added to the reaction
set since their significant influence on theidischarge [45].

Previous studies have indicated that the density of Oz(a'A,) may depend on its wall
quenching coefficient, which is greatly.determined by the surface material, the surface tem-
perature and roughness [52-55]. When the wall quenching coefficient is set to be 1x 1072, the
simulation results agree well with the experimental observation for the stainless steel elec-
trode in Greb A et al’s work [39], cortesponding to an Og(a'A,) content of 15% and a time
and space averaged electronegativity of 1.2. While for Teflon electrode, the best matching
result is obtained by adopting’a qlienching coefficient of 3 x 1073, with an Oy(a'A,) content
less than 1% and a higher eleetronegativity of 12.5. Moreover, they also demonstrated that
the increased wall gienching Coefficient leads to decreased Os(a'A,) content, which further
results in increaged electronegativity. This is consistent with the observations in Derzsi et
al [44] and Proto et al’'s work [52]. Derzsi et al obtained good comparisons with the experi-
ment when quefiching coefficient of 6 x 1073 is fixed in their PIC/MCC model. A higher and
larger scope of fime and space averaged electronegativity from 0 to 60 was found under this
quenching ecoefficient and their discharge parameters [56]. Proto et al listed the Og(a'A,)
wall quenching coefficient for different surface materials at room temperature, and explored
the influénce of the Oy(a'A,) quenching coefficient on the electron heating mechanism and
the electron energy probability function in detail [52].

The collision processes adopted in our simulations mainly follow the work of Derzsi et al
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[44, 56, 57], which has been validated by several experiments. Most of the collisiom,cross
sections refer to the xpdpl [50] and oopd1 [51] procedure, except the associative detachment
process (reaction 18 in table 1), which refers to [43]. The collision processes taken/into
account in our model and the references of the cross sections are listed imytable 1., For
the content of the singlet metastable molecule Oy(a'd,), a homogenous spatial density
is assumed, and the density is estimated from a balance equation/fas did in Derzsi’s work
[44], i.e., the electron impact excitation of Og (process 7) is comsidered to be the source
of Oy(a'Ay), and the molecules are assumed to predominantly lost By quenching at the
electrodes. In our simulations, the Os(a'A,) wall quenching coefficient'is set as a fixed value
of 6 x 1073, which is also consistent with their work and Has.been confirmed to be reasonable
by the experiments [44, 56].

The particles are explicitly pushed in all the simulations. The space and time step are
fixed to 6 x 107° m and 1.6 x 107! s, respectively. Moréthan 100 particles are considered in
one cell and typically 5000 RF cycles are needed for equilibrium. We assume the temperature

of oxygen to be 300 K and neglect the electromzeflection at the electrodes.

3. SIMULATION RESULTS
3.1 Striation disruption and electron heating mode transition

Figure 1 shows the axial p?)ﬁles of charged species densities, net charge density and
electric field at ¢t = 0.25 Trg and/t = 0.75 Tgrr under different secondary electron emission
coefficients, with the driving frequency f = 6 MHz, voltage amplitude V = 200 V, and gas
pressure P = 40 Pa. In‘order to be better observed, the electron density has been enlarged
by a factor of 10-when the secondary electron emission coefficient 7. is set to 0.0, 0.15 and
0.18. Similar to the charagteristics in CF, discharges at low frequencies [20], the ion densities
exhibit “€omb-like’profiles in this strongly electronegative bulk as shown in figure 1(al),
(a2), (bl), (b2), (cl), and (c2), which indicates the establishment of striation structure.
However, it is seen that the gap distance between two neighboring peaks are enlarged and
the mumber of the density peaks decreases with the increasing vs.. We calculated the average
striation gap for different 7., which is 0.12 ¢cm for v, = 0.0, 0.16 cm for v, = 0.15, and

0.19 cm for v, = 0.18. Particularly, no “comb-like”structure could be observed in the ion
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FIG. 1: Axial profiles of charged s\pecies densities, net charge density, and electric field at the time
t = 0.25 Try (first column)rand ¢/= 0.75 Trr (second column) at different secondary electron
emission coefficients. The electron density is multiplied by a factor of 10 at 5 = 0.0, g = 0.15,
and g = 0.18. The discharge parameters are: driving frequency f = 6 MHz, voltage amplitude
V =200 V, and'gas pressure P = 40 Pa.

density profiles in figurel(dl) and (d2) at 75 = 0.21, which indicates that the striations
are completely ‘disrupted. Thus, the secondary electrons could greatly affect the striation
strueture, even leads to the disruption of it. In the following, we will discuss the main
reasons for the changing of the striation structure, which is greatly related to the electron
density and electronegativity.

The transient electric field is shown in each plot of figure 1 with red line. When 7, is
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set to 0.0, 0.15 and 0.18, the total electric field is a superposition of the ”internal?, field
produced by charge separation and the drift field caused by low conductivity'in thezbulk
of RF driven electronegative plasmas, as shown in the first three rows,in figure. 1. To be
more specific, during the first half of the RF period, OF ions are accelerated te the pewered
electrode (z = 0) and O~ ions are accelerated to the grounded electfode (z ="L) by the
negative drift field inside the bulk region. Therefore, the chargefseparationyis produced
(black line) and the internal electric field is set up, which showspesitive or negative at the
positions of maximum or minimum ion densities. However, due te th?negative drift field,
the total field is negative with a larger magnitude at the valley locations of the ion densities
and is nearly zero or weakly negative near the peaks 6fithe ion densities, resulting in a
striated total field, as shown in figure 1(al), (b1) and (c1)asWhereas during the second half
of the RF period, the drift field is positive accompanied by a reversed ”internal” electric
field, leading to a positive total field near the valleys ofithe ion densities, and a nearly zero
but still positive field near the peaks of #he ion densities. Thus, the striated electric field
reverses periodically. However, no drift field or,”internal” field could be generated in the
bulk at 7, = 0.21, leading to the disappearance of the striated field here.

Indeed, at t = 0.25 Tgr and 0.75 Tgg, for the reason that the negative ions could not
effectively respond to the sheath, oscillation and are assembled in the bulk region, electron
density peaks are observed near the twe sheath edges to keep the quasineutrality of the bulk.
Then, due to the large gradiention the bulk side of the two peaks, electrons diffuse into the
bulk, accompanied by the Ojfions’ continuously flow to the electrodes. As a result, besides
the striated field in the bulk, ambipolar electric fields also arise near the sheath edges, which
are marked out with'the dasheéd red circles in figure 1 (al) and (a2). Similar ambipolar fields
could also be observed at 7, = 0.15 and 0.18 at the same positions. But at v, = 0.21, it
is seen that no eleetron density peaks are formed near the sheath edges in figure 1(d1) and
(d2), for whiehg the electron density is highest near the discharge center.

Figure 2 shows the axial profiles of charged species densities, net charge density and
electrie field att = 0.5 Trr with 75 = 0.0 (a) and 75 = 0.21 (b) respectively. As we know,
the drift field is small even close to zero at this time, but the internal striated field still exists
in figure2(a) owing to the inertia of the ions, leading the total field to be positive near the
peaksiof the ion density, which is different from figure 1(al). Besides, for the reason that

the sheath near the powered electrode is fully expanded, there is no electron accumulation

10
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19 t = 0.5 Trr with 75 = 0.0 (a) and s = 0.21 (b) respectivelys The electron density is multiplied
20
21 by a factor of 10 at «s = 0.0. The conditions are the same as in. figure 1.
22
23 . . .
24 here to ensure the quasineutrality. Thus, the electron degsmy only has one peak near the
;2 grounded electrode. Correspondingly, the ambipolar electric field also appears only on this
27 side. Therefore, the ambipolar electric field due to the electron accumulation occurs as the
28
29 sheath collapses and disappears until the sheath approaches to the maximum width. When
30 . . . .
31 Yse 18 set to 0.21, no ambipolar electriéifield eould be observed on both sides of the electrode
;g in figure 2(b).
34 Figure 3 shows the emissiom coefficient dependence of spatio-temporal distribution of
35
36 electron-impact dissociation rate in the first column (i.e. corresponding to reaction 12 (e +

N

;; Oy — e+0O(3P)+O(1D)) in gable 1), electron-impact ionization rate in the second column,
zg electric field in thegthird ‘éolumn, net charge density in the fourth column, and electron
41 power absorption rate imithe fifth column, separately. The operation conditions are same
42
43 with those in figure 1. As shown, apparent charge separation is established in the profiles
2;1 of the net charge density, and striated structures are displayed in the electric field profiles
2? when the emission coefficient of secondary electron is less than 0.18. These results are
48 consistent with those of the net charge density and electric field shown in figure 1. Being
49
50 accelerated by the striated field, electrons obtain energy in the bulk. The time-dependent
g; electron absorption power rate in the fifth column is calculated by P, = J. - E, with J,
;31 the ‘electron current density and E the electric field, respectively. Due to almost uniform
55 electron flux in the plasma bulk, the electron absorption power rate is largely modulated
56
57 by the electric field and also in striated distribution. When the electrons are accelerated to
58
59

60 11



oNOYTULT D WN =

ocouuuuuuuuuuud,DdDDDBDDAMDMDMNDAEDANEDNWWWWWWWWWWNNNNNNNNNDN=S =2 @2 a@Qaaa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

AUTHOR SUBMITTED MANUSCRIPT - PSST-102859.R1

the corresponding threshold values, inelastic collisions, such as dissociation and i
occur. Remarkably, the ions’ production by ionization impacts etc., should cor
the losses caused by recombination impacts etc., at each peak of the imyien&

stability of the striations.

dissociation rate ionization rate electric field charge density e power abs. rate

(Unit: 102'm3s") (Unit: 102°m3s™) (Unit: 103V/m) it: 10" m" (Unit: 10*V/m)
(a1) 8 40 53 23

Yse = 0.0

-

=0.15

yse

=0.18

yse

Yo = 0.21

B (d1) '
’ (o .
0.0

0.25 0.50 0.75 1.00
tTee

4 55 410 0.
5 050 075 100 025 050 075 1.00 025 050 075 1.00
tTge e RF

impact ionization rate (sec
column), and electro ion rate (fifth column) at different secondary electron emission

coefficients. The ¢ e same as in figure 1.

anges of ion density in figure 1, the striation gaps in the profiles
of the elect ciative rate, ionization rate, electric field, charge density, and
ption rate are enlarged with the enhanced secondary electron emission,
finally disappear in the fourth row of figure 3, as the secondary emission
coefficient ds set to 0.21. More significantly, the ionization rate profiles show a transition
of t ation mode with the increasing secondary emission coefficient. It is found in

(a2) that when 75 = 0.0, due to the electron heating by the striated bulk field,

nization occurs inside the plasma bulk and the ionization rate shows striated structure,
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i.e., the operation is under STR mode. However, with enhancing the secondary electron
emission, ionization in the bulk is weakened (figure 3(b2)-(d2)), whereas the ionization inside
the sheaths is enhanced, meaning that, the y-mode gradually becomes more important.
Especially when the emission coefficient is large enough, such as v, = 0.21, the STR mode
disappears and the y-mode is greatly enhanced, indicating that the existeénce of the secondary

electron emission induces the heating mode transition from STR mode to y-mede.

e dens. (E, > 8.4 eV) e dens. (E, > 12.06 eV) e dens.\(Ee > 17 eV)

(Unit: 1013m'3% o (Unit: 10%m?)
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15 4.0

1.00
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o 0.75 - 23 1.1 3.0
=)
I X050 15 08 2.0
3
&~ 0.8 0.4 1.0
0.0 0.0 0.0
(Unit: 10%m) (Unit: 102mP)
2.2 6.0
& 1.7 45
=)
I §‘<0.5o 1.1 3.0
3
&~ 0.6 15
0.0 0.0
(Unit: 102m?) (Unit: 102m3)
7.0
i
N 53 0.9
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7]
7]
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FIG. 4: The spatio-temporal plots of electron density with energy greater than 8.4 eV (first column),
12.06 eV (second golumn)y.and 17 eV (third column) at v5e = 0.0, vse = 0.18, and 75 = 0.21. The

conditions-are the same as in figure 1.

We alsonnote that, different from the dissociation rate, the ionization rate in the bulk
region is much weaker and the striated structure is not that evident, since its relatively high
threshold value. In figure 4(al) and (bl), we show the spatio-temporal distribution of the
electron density, with the electron’s kinetic energy larger than 8.4 eV (the threshold value

of dissociation, reaction 12 in table 1), as the secondary emission coefficient v, = 0 and
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Yse = 0.18. It could be observed that lots of electrons in the bulk could reach 8.4 eV and be
involved in the dissociation collision after being sufficiently accelerated in the électrie field.
However, the threshold value of ionization is 12.06 €V, which is too highdor most ef the/bulk
electrons to reach, as shown in figure 4(a2) and (b2). Indeed, the electronssare gradually
accelerated by the bulk electric field. Within the first half of the RF Pperiod, the electrons
move from the powered electrode to the grounded electrode, oppgsite to the direction of
electric field, and continuously gain energy until collide with neutrals or reach the boundary
of the collapse sheath. Most energetic electrons are near the grounded\electrode in the first
half period and near the powered electrode in the second half period. As a result, only
the electrons approaching the collapse sheaths, which are’in a small number, can reach the
ionization threshold after being accelerated by the bulk field. For higher energies, such as 17
eV, fewer electrons in the bulk could reach, as shown infigure 4(a3) and (b3). Therefore, the
ionization in the bulk is weaker than the dissociation, whieh could be observed over almost
the whole bulk region.

Moreover, figure 4(b2) indicates that at, vsen= 0.18, the density of the electrons in the
bulk with energy above the ionization. thresheold, is much larger than that in the sheaths.
However, figure 3(c2) shows a higher ionization rate in the sheaths than the bulk region.
This is caused by the significanthacceleration of the secondary electrons in the sheaths and
the rapid increase of the ionization eress section as the electron energy grows. According
to Ref. [51], by which the lonization cross section adopted, we can observe a sharp growth
in the ionization cross section as the electron energy exceeds the threshold energy, i.e.,
the ionization rate would inerease rapidly with the electron energy. In figure 4(b3), we
show the density of electrons with energy above 17 eV, from which we can see that high
energy electrongrin the sheaths are much more than that in the bulk. As a result, the
electrons in the sheaths contribute more ionization to the discharge. Besides, the electron
density distribation /at vs. = 0.21, with energy higher than the dissociation threshold is
shown in figured(cl). Tt is seen that, different from figure 4(al) and (b1), the electrons are
mainlyraceelerated by the expanding sheaths under this condition and few electrons could
belobserved near the collapse sheaths due to the weakened bulk electric field. The electron
density with the energy higher than 12.06 eV and 17 eV are shown in figure 4(c2) and (c3),
in which, the secondary electrons are pronounced, leading to a contributive -mode in the

discharge.
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FIG. 5: Axial profiles of the time-averaged electron density (a) and.eleetronegativity (b) at different
secondary electron emission coefficients. The electron density is divided,by a factor of 20 and the

electronegativity is multiplied by 20 at 5 = 0.21. The conditionsrare the same as in figure 1.

In order to further understand the breakdowmsof the striations induced by secondary
electrons, figure 5(a) shows the emission coefficient’ dependence of the spatial distribution
of time-averaged electron density. One could see.that the electron density in the bulk
increases with the secondary electron emission ¢ocfficient, and finally becomes a parabolic
distribution. Figure 5(b) furtherdshows,the corresponding axial electronegativity, which
decreases as 7 varies from 0 to 0.21. Indeed, accounting for the increased conductivity with
the growth number of electrons as,vs. increases, it is difficult to establish a striated electric
field in the bulk, leading to weakened acceleration of electrons. As a result, the ionization
becomes inadequate to compensate for the ion loss at the positions where the maximum
ion density values need to be established. To obtain enough energy and ionization with
neutral particles, electrons have to cross the electric field over a longer distance, leading to
an increased striation gap to'establish a new balance, at which the ion production equals to
the loss. Ultimately, the changes of the electron density and electronegativity caused by the
increase of s give rise to the gradual increasing striation gap. As s is large enough, the
electronegativity becomes small enough, with the electric field weakened here. Thus, the
electrons are hardly accelerated to the ionization threshold in the bulk and the striations
disappear.

In_addition, from figure 5(b), we can see that when 7 is set from 0.0 to 0.18, the
electronegativity is in the range of 120-190 at the positions of the maximum ion density,

which is much higher than that in the common conditions. This is mainly caused by the
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special characteristic of the “comb-like” profiles of ion density, and the much lower electron
density near the discharge center. When the ion density is in “comb-like” distribution, the
O~ density at the peaks is much higher than the density at the valleys, which alse.leads to a
high electronegativity at the density peaks. Similar results could be found in[22], where the
electronegativity at the positions of density peaks is in the range of 75= 250, much higher
than the electronegativity at the density valleys with a value between 10 and 75. Indeed,
although the electronegativity near the discharge center in figures5(b).is high, the time and
space averaged electronegativity is much lower and has a value betw&n 41.9 and 49.3 for
different secondary electron emission coefficients, which is similar to.the results of Derzsi et
al [56] for the conditions of single frequency discharges It should also be noted that, the
electrode gap and driving frequency in our simulation is relatively small, which is another
possible reason for the high electronegativity. Similarly, a high electronegtivity was recently
observed in oxygen discharges, and found to de¢rease withsthe increasing electrode gap [58]

and operational frequency [59].

3.2 Influences of driving voltage'and gas pressure on the operation mode transition

Fixing the driving frequency. at 6 MHz, gas pressure at 40 Pa, and secondary emission
coefficient at 0.15, we show the veltage effects in figure 6, in which the spatio-temporal
electron-impact dissociation rat\e (first/column), electron-impact ionization rate (second col-
umn), electric field (third columny), net charge density (fourth column) and electron power
absorption rate (fifth.€olumn) cerresponding to different voltage amplitudes are given. In
order to capture the.gradual evolution process of two modes transition, i.e., from ~-mode
to STR mode, a, range of woltage amplitude from 150 V to 225 V is adopted. We can see
that, the ionization rate’in the bulk region is a little weakened when the voltage increases
from 150 V %o 200 V; and rapidly becomes almost invisible at 225 V., whereas the ionization
near theé sheath edges due to secondary electron emission becomes enhanced both in scope
and intensity as the voltage increases. As we expect, the v-mode gradually turns to be the
main electton heating mode compared with the STR mode in sustaining the discharge with
increasing the RF voltage. Moreover, along with this transition, the striation structure also
shows.a disruption as the voltage increases to 225 V. Figure 7(a) shows the OF density

at the voltage amplitudes corresponding to figure 6. We can see that, when the voltage is
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FIG. 7: Time-averaged profiles of the axial O; ion densities (a), O; ion flux on the powered
~
electrode as a function of the voltage amplitude (b), and the axial electronegativity at different

voltage amplitudes (c¢). The conditions are the same as in figure 6.

From the ion-ion model [22], the resonance conditionnis thedon density n; > Neritical =
wieop/e?, where e is the elementary charge, w,y istthe driving angular frequency, gy is the
permittivity in vacuum and g is the reduced mass of the positive and negative ions. As the
driving frequency is set to 6 MHz here, the critical density is about 0.87 x 10 m™3. It is seen
that, when the voltage amplitude is set to 225,V the ion density still meets this condition,
but the striations disappear. The disruption of the striations is induced by the increase of
the electron density and consequently the decrease of electronegativity, which is neglected in
the ion-ion model for simplifiéation. Figure7(c) shows the time averaged electronegativity
over the discharge space. It is.s€en that the electronegativity gradually decreases from 180
at 150V to 140 at 200 V, and fgther drops to 120 at the discharge center when the voltage
increases to 225 V. The decreased. electronegativity leads to a slight increase of the striation
gap when the voltageds less than 200 V, as shown in figure 7(a). In the case of 225 V, the
electric field in the bulk regionis too weak to accelerate the electrons to exceed the ionization
threshold. It can be seen'in figure 6(d1) and (d2) that the ionization in the bulk is quit weak
compared with the dissociation rate. Thus, the striations could not be maintained in the
bulk region.. Meanwhile, the ionization caused by the secondary electrons is strong enough
to sustain the discharge. Therefore, the heating mode transition occurs. In addition, when
a higher woltage amplitude is set, a much lower electronegativity, which makes the discharge
be/weak eléctronegative, is also observed in our investigation.

Furthermore, we also investigate the influence of the gas pressure in figure 8, in which
therdriving frequency f = 6 MHz, voltage amplitude V' = 200 V, and secondary emission

coefficient 75, = 0.15 are fixed, and the spatio-temporal electron-impact dissociation rate
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by the excitation process with the threshold energy about 4.5 eV. As a result,<although
lots of electrons could reach collapsing the sheath edges, only a small proportion of them
could achieve the ionization threshold. As shown in figure 9(b), the time-averaged.ionization
rate decreases rapidly. This weakening of STR mode caused by the increasing,gas pressure,

makes the y-mode play an increasingly important role in the discharge.
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FIG. 9: Axial profiles of the time-averaged electron-impactiexcitation rate (a), electron-impact
L
ionization rate (b), and electronegativity (c) at different gas pressure. The conditions are the same

as in figure 8.

In addition, figure 9(c) shows the time averaged electronegativity at different gas pres-
sures. It is found that the electronegativity is decreased as the gas pressure increases. This
relationship between the electromegativity and gas pressure is consistent with the simula-
tions of Gudmundsson et al [60], in“which, the gas pressure dependence of the discharge
properties in a capacitively eoupled oxygen discharge was explored, with the electrode gap
of 4.5 cm and the pressure range of 1.3 - 66.7 Pa adopted. They found that the electroneg-
ativity decreases with the inereasing discharge pressure, and concluded that this result is
greatly related to the significant influence of the detachment by metastable singlet molecule
Os(a'A,) on eléetron heating processes. However, in our work, although the decreased elec-
tronegativity would lead.to an increased striation gap, the average striation gap in figure 8
is slightly.decréased.@s the pressure increases to 35 Pa. The similar results could be found in
CF, discharges{21], which is considered to be induced by the increasing collision frequency.
Acgording tomreference [22], the amplitude of the relative displacement of the positive and
negative ioms is inversely proportional to the collision frequency. Thus, under the joint in-
fluence of the changes in electronegativity and collision frequency, the striation gap is not
enlarged as expected. But as the pressure is set to 45 Pa, the electronegativity in the bulk

is low enough, finally resulting in the disruption of the striations.
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4. CONCLUSION AND DISCUSSION

Using a 1D3V PIC/MCC model, we investigate the secondary electron 4ffects on the
striation structures and electron heating mode transitions in oxygen discharges. It is obvious
that lower electron density and higher electronegativity are necessary,for the existence of
the striations. Under the parameters applied in the simulations, “cemb-like”profiles of ion
densities are established when the secondary electron emission is nat, strong enough. In this
case, in all the profiles of dissociation rate, electric field, net /charge density, and electron
power absorption rate, striation structures are observed.

More significantly, as the increase of ., the striation gaps areenlarged and the striation
number decreases. Especially when v, = 0.21, the striations. disrupt completely. When
Yse iNcreases, ionization caused by the secondary slectrons are more remarkable and the
increasing electron density enhances the conductivity in th’e plasma bulk, which leads to an
reduced bulk electric field. As a result, the electrons can hardly obtain enough energy in the
bulk and the ionization collisions are inadequate to balance the consumption of the ions at
the positions of the ion density peaks. Thus, an electric field, which covers a longer distance,
is needed for electrons to get more energy and establish a new balance. Consequently, the
enhancement of the secondary electron emission leads to the increasing striation gap and
further the striation disruptions

In our investigation, we further investigate the electron heating mode transition with the
involvement of the secondary slectron emission. When -, increases, ionization caused by
the bulk electrons begomes weakened due to insufficient electron acceleration in the bulk
electric field, leading to the weakened STR mode. Meanwhile, the appearance of large
numbers of secondary eleectrons enhances the v-mode. As a result, the v-mode gradually
becomes comparablerto.the STR mode, and even possibly dominate the discharge when the
electron emission coefficient is large enough.

Furthermore, the influences of driving voltage and gas pressure on the operation mode
transition.induced by secondary electrons are also discussed. When a fixed 7. is set, y-mode
is found totbe more important compared to STR mode in the discharge either by increasing
the voltage amplitude or the gas pressure, but owing to completely different mechanisms.
When the voltage amplitude increases, the increasing ion density and ion flux lead to more

secondary electrons, which, after being accelerated in the sheaths, would ionize with neutral
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particles and make the v-mode enhanced. In contrast, at higher gas pressures, the/collisions
with low energy thresholds become more frequent and consume more electron energy in the
bulk, resulting in fewer electrons with enough ionization energy near the sheath edge. As a
result, the increasing pressure makes the v-mode more contributive to the discharge.

In this work, we primarily discuss the effects of secondary electron ‘mission on the stri-
ation structure and the electron heating mode transition in electrouegative oxygen. By fur-
ther performing the PIC simulations and adjusting the Os(a'A,)awallquenching coefficient,
changes of the striation structure are observed (not shown here). A det\ailed investigation is
expected to be carried out in the future.
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