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Similarity laws (SLs) describe how physical characteristics in plasma discharges remain consistent at different
dimensional scales, and they have been verified in electropositive capacitively coupled radio-frequency (RF)
plasmas across a wide range of discharge conditions. In this work, we explore the properties of similarity scaling
in low-pressure CF4 capacitive RF plasma via fully kinetic particle-in-cell/Monte Carlo collision simulations.
We find that under our conditions, the densities of all charged particles exhibit similarity. This property arises
as the collision reactions governing the changes in particle density are all linear reactions, whose reaction rates
satisfy the SL scaling. The similarity factor of electron density is consistent with classical similarity theory.
However, the similarity factor of the density of each ion species deviates consistently from similarity theory.
The reason for this deviation across all discharge modes, including striation, drift-ambipolar, and α-modes,
is discussed. Furthermore, we show that this similarity property of ion densities constitutes a destruction of
discharge similarity in the striation mode. This study improves the understanding of the similarity laws in
electronegative RF discharges.
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I. INTRODUCTION

Low-pressure capacitively coupled radio-frequency (RF)
plasmas have been extensively studied due to their widespread
applications in material processing [1–4]. Optimizing pro-
cesses based on such plasma sources relies on precise control
of discharge parameters, which directly determine plasma
properties and processing performance. For example, a higher
ion flux reaching the target surface usually leads to a higher
etching rate [5]; an elevated electron temperature can enhance
the production of reactive species, which influence the effi-
ciency of etching and deposition [6]. Over the past decades,
extensive research has been conducted to investigate the scal-
ing dependence of the discharge characteristics on critical
control parameters, including the applied RF voltage ampli-
tude V0 [7–9], gas pressure p [10–12], electrode gap distance
d [13–15], and RF driving frequency f [16–19]. However,
it is still challenging to study the scaling laws of discharge
characteristics with respect to these control parameters, since
there are competing physical mechanisms inducing nonlinear
transition regimes of the discharge. For example, variations in

*Contact author: fuyangyang@tsinghua.edu.cn

gas pressure can cause the dominant electron power absorp-
tion mechanism to shift between nonlocal collisional heating
and Ohmic heating [20]. An increase in the RF driving fre-
quency may cause the discharge to transition from being
dominated by electrostatic effects to electromagnetic effects,
which eventually introduce significant radial nonuniformity in
the discharge [21]. The rise in the applied voltage can enhance
the impact of secondary electrons on the discharge, resulting
in the transition of the operation mode from the α-mode to the
γ -mode [22].

The similarity law (SL) is a powerful tool for predictions
of RF discharge characteristics. It reveals that physical prin-
ciples remain consistent across different dimensional scales.
Early researches on gas discharge similarity were pioneered
by Townsend [23], Holm [24], Engel [25], Margenau [26], and
others [27–29]. The SL has been applied to various discharge
types, including glow discharges [30–32], streamers [33,34],
pulsed discharges [35], and magnetohydrodynamic plasmas
[36]. Regarding RF plasmas, the validity of the similarity law
has been confirmed by both experiments [37] and simulations
[38–43] in electropositive (e.g., argon) discharges. Under
similar conditions, previous work verified the invariance of
spatiotemporal plasma characteristics in electropositive ca-
pacitive RF discharges across nonlinear transition regimes
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[42], as well as in the presence of a magnetic field [43] or
the electrical asymmetric effect [41].

Investigating the applicability of the similarity laws to RF
discharges in electronegative gases (e.g., CF4 plasmas) is of
vital importance, since they play a critical role in plasma
processing [44,45] and surface modification [46,47]. Yet, the
applicability of similarity laws to electronegative RF dis-
charges still remains unclear due to the reaction complexity
of these systems. For example, two unique discharge modes
are observed in electronegative RF discharges: striation mode
and drift-ambipolar (DA) mode. The striation mode typically
arises at a low driving frequency, and it is characterized by
the establishment of spatially modulated, “comb-like” plasma
density structures [48]. These structures are attributed to the
ion response to the RF field, where positive and negative
ions collectively adjust the local polarity of the space charge
[49]. The DA mode is characterized by the drift electric field
built in the bulk plasma region due to strong electronegativity,
whereas ambipolar electric fields form near sheath bound-
aries as a result of strong electron density gradients there
[22]. Previous studies revealed that the discharge mode of RF
discharges in CF4 will remain invariant when the system is
geometrically scaled by a small scaling factor, k (e.g., k � 2);
at larger scaling factors, the striation mode transitions toward
the DA mode [50]. The existence of nonlinear collisions (the
reaction rates of which do not follow the SL scaling) will
cause the ion density scaling relation to progressively devi-
ate from similarity predictions as k increases [50]. However,
quantitative discussions on the similarity properties of plasma
parameters, such as the density of charged particles, still re-
main insufficient.

In this work, we employ the kinetic particle-in-cell/Monte
Carlo collision (PIC/MCC) approach to explore the similar-
ity properties of low-pressure capacitive RF plasmas in CF4.
Under the conditions studied, we find that the spatiotempo-
ral characteristics of each charged species, namely electrons,
positive ions, and negative ions, show consistency among
similar discharges. This is because the collision reactions that
dominate the change in particle density are linear reactions
(the reaction rates of which follow the SL scaling), includ-
ing ion-ion recombination reactions. Additionally, regarding
electrons, the scaling factor of electron density is consistent
with the similarity theory [51]. However, scaling factors of ion
densities deviate quantitatively from the similarity theory. We
have verified that this deviation persists across striation, DA,
and α-modes. Through theoretical analysis and test-particle
trajectory calculations, we have shown that this similarity
characteristic of ion densities essentially leads to the break-
down of discharge similarity.

This paper is organized as follows. In Sec. II, the sim-
ulation model and the calculation method are introduced.
Section III provides the simulation results and the correspond-
ing discussions. Finally, conclusions are drawn in Sec. IV.

II. MODEL AND METHOD

The SL provides a powerful analytical approach to param-
eter scaling. The SL theory asserts that, in a pair of similar
discharge systems, a physical parameter G at the spatiotem-
poral point (x1, t1) can be expressed in terms of its scaled

TABLE I. Discharge conditions and the corresponding discharge
mode of the base case with k = 1.

Case no. [p1, d1, f1] Discharge mode

1 [60 Pa, 2 cm, 6.78 MHz] Striation
2 [60 Pa, 2 cm, 13.56 MHz] Drift-ambipolar
3 [60 Pa, 2 cm, 54.24 MHz] Alpha

counterpart (xk, tk) using the similarity relation

G(x1, t1) = kα[G]G(xk, tk ), (1)

where k = x1/xk = t1/tk is the scaling factor, and α[G] is
the similarity factor for parameter G [42]. For typical RF
discharge, the control parameters [p, d, f ] should be scaled
as k = pk/p1 = d1/dk = fk/ f1 for similar discharges, keep-
ing f /p and pd unchanged. Therefore, α[p] = −1, α[d] = 1,
and α[ f ] = −1 for the pressure, gap distance, and driving
frequency, respectively. Typically, for the electron density ne

and the electron current density Je, the similarity factors are
verified to satisfy α[ne] = α[Je] = −2 [52]. For the electric
field, α[E] = −1. Additionally, parameters satisfying α[G] =
0 are called similarity invariants, including the electron energy
Ee, electron temperature Te, electron mean velocity ue, and
electric potential φ. Furthermore, all rate coefficients utilized
in our simulation are also similarity invariants, since they are
merely functions of similarity invariants, Te and Ti. Note that
similar factors as described above for the electrons also apply
to ions, i.e., α[ne] = α[ni] = −2 and α[Te] = α[Ti] = 0.

Considering α[n] = −2 for the density of any charged
species and α[t] = −1 for time, the temporal change of the
density satisfies (

∂n

∂t

)
1

= k−3

(
∂n

∂t

)
k

. (2)

In other words, only if α[∂n/∂t] = −3 will the SL scaling
hold for the density of this species [35,53]. Therefore, if the
reaction rate R of a collision process inducing particle density
change follows α[R] = −3, it is classified as a linear collision.
A typical example is the one-step electron impact ionization
process. Its reaction rate, Riz, is given as

Riz = Kizneng, (3)

where Kiz, as a function of Te, is the ionization rate co-
efficient. As α[Kiz] = α[Te] = 0, α[ne] = −2, and α[ng] =
−1, we have α[Riz] = −3, behaving as a linear collision
process. On the other hand, the nonlinear collision process
can cause a deviation from the SL scaling of the particle
density. The reaction rate of a nonlinear process does not
adhere to the similarity factor of −3, such as electron-ion
recombination [53].

The results in this study are based on an electrostatic
PIC/MCC code in 1d3v, which is validated against experiment
[54]. In the typical parallel electrode geometry, the powered
electrode is driven by an RF voltage source V0cos(2π f t ),
where V0 = 300 V. The grounded electrode is placed at the
opposite side. The background gas is assumed to be uniform
and at a temperature of Tg = 350 K having a Maxwellian
distribution. The discharge conditions, including CF4 gas
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TABLE II. Electron-neutral collisions considered in the simulation.

No. Reaction Type

R1 e + CF4 → e + CF4 Elastic scattering
R2 e + CF4 → e + CF4(v = 1) Vib. excitation
R3 e + CF4 → e + CF4(v = 3) Vib. excitation
R4 e + CF4 → e + CF4(v = 4) Vib. excitation
R5 e + CF4 → e + CF∗ Excitation
R6 e + CF4 → 3 e + CF+

3 + F Diss. ionization
R7 e + CF4 → 2 e + CF+

2 + F Diss. ionization
R8 e + CF4 → 3 e + CF2+

3 + 2F Diss. ionization
R9 e + CF4 → 2 e + CF+ + 2F Diss. ionization
R10 e + CF4 → 2 e + CF+ + 3F Diss. ionization
R11 e + CF4 → 2 e + C+ + 4F Diss. ionization
R12 e + CF4 → 2 e + F+ + CF3 Diss. ionization
R13 e + CF4 → F− + CF3 Attachment
R14 e + CF4 → F + CF−

3 Attachment
R15 e + CF4 → e + F + CF3 Dissociation
R16 e + CF4 → e + 2F + CF2 Dissociation
R17 e + CF4 → e + 3F + CF Dissociation

pressure p1, gap distance d1, and driving frequency f1, along
with the corresponding discharge modes of our base cases
(k = 1), are outlined in Table I. For each case, simulations
for the scaled system with [pk, dk, fk] = [kp1, d1/k, k f1] (k
= 2) are also performed. Surface interactions include elastic
electron reflection (coefficient δref = 0.7) and secondary elec-
tron emission (coefficient γsee = 0.01) induced by positive ion
bombardment at both electrodes [54]. To ensure simulation
stability and accuracy, a spatial resolution of �x = d/1000
and a temporal resolution of �t = 1/8000 f are applied. The
reactions between electrons and neutral gas considered in
the simulation, along with their reaction types, are listed
in Table II. The abbreviations Diss. and Vib. stand for dis-
sociative and vibrational, respectively. Ion-neutral reactions
are provided in Table III. Elastic collisions can be classi-
fied as either isotropic or anisotropic angular scattering [55].
The other reactions are classified according to the following
rules: (a) "Reactive (keep ion type)": the reaction produces an
ion of the same type as the reactant ion. (b) "Reactive (change

FIG. 1. Spatiotemporal distributions of the reaction rate of elec-
tron impact dissociative ionization (producing CF+

3 ) obtained in
(a) case 1, (b) case 2, and (c) case 3, presenting typical characteris-
tics of the striation mode, drift-ambipolar (DA) mode, and α-mode,
respectively.

ion type)": the reaction produces an ion that is different from
the reactant ion. (c) "Detachment": the reaction produces an
electron. It should be noted that for R21, R30, and R31, these
reactions produce minority ionic species that are not consid-
ered in the model. For simplicity, the product ions of these
reactions are treated as identical to the reactants. A detailed
description of this treatment can be found in Ref. [54].

III. RESULTS AND DISCUSSION

Figure 1 presents the spatiotemporally resolved reaction
rate of electron impact dissociative ionization generating CF+

3 .
Panels (a), (b), and (c), respectively, present the results ob-
tained in case 1, case 2, and case 3, whereas three distinct
discharge modes are involved: the striation mode, the DA
mode, and the α-mode, respectively. The striation mode and
the DA mode have been reported as two specific modes in
electronegative RF discharges [22,48]. Panel (a) shows that
the ionization rate exhibits a spatially modulated structure,
featuring the striation mode discharge. Panel (b) presents a
distinct distribution of the ionization rate in the bulk region,
corresponding to the drift electric field established by the
strong electronegativity in the DA mode. In panel (c), there
are significant ionization rate peaks during sheath expansion
phases, which is consistent with the characteristics of electron

TABLE III. Ion-neutral collisions considered in the simulation [54].

No. Reaction Type

R18 CF+
3 + CF4 → CF+

3 + CF4 Elastic scattering
R19 CF+

3 + CF4 → CF+
3 + CF3 + F Reactive (keep ion type)

R20 CF+
3 + CF4 → CF+

2 + CF4 + F Reactive (change ion type)
R21 CF+

3 + CF4 → CF+
3 + others Reactive (keep ion type)

R22 CF+
2 + CF4 → CF+

2 + CF4 Elastic scattering
R23 CF+

2 + CF4 → e + F + CF+
3 + CF4 Detachment

R24 CF+
2 + CF4 → CF+

2 + CF3 + F Reactive (keep ion type)
R25 CF+

2 + CF4 → CF+ + CF4 + F− Reactive (change ion type)
R26 F− + CF4 → F− + CF4 Elastic scattering
R27 F− + CF4 → e + F + CF4 Detachment
R28 F− + CF4 → F + F− + CF3 Reactive (keep ion type)
R29 CF+ + CF4 → CF+ + CF4 Elastic scattering
R30 CF+ + CF4 → CF++ others Reactive (keep ion type)
R31 CF+ + CF4 → others Reactive (keep ion type)
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FIG. 2. RF period-averaged profiles of scaled particle densities obtained in case 1 (first row), case 2 (second row), and case 3 (third row).
The solid and dashed lines represent the results obtained in the base case (k = 1) and the similar case (k = 2), respectively. The densities are
scaled by k−2 in panel (a) for electrons, and by k−1.5 in panels (b) and (c) for positive and negative ions, respectively. All results present good
overlap.

power absorption in the α-mode. Covering these representa-
tive discharge modes ensures that the conclusions drawn in
this work are independent of any particular discharge mode.

Figure 2 shows the RF period-averaged profiles of scaled
charged particle densities, where the first, second, and third
rows, respectively, correspond to results obtained in case 1,
case 2, and case 3. The solid lines show the results obtained
in the base cases, while the dashed lines correspond to the
similar cases. In panel (a), the electron densities are scaled by
k−2. Here, the similarity factor of −2 is given by the classical
SL theory. However, in panels (b) and (c), the positive and
negative ion densities are scaled by k−1.5 and the profiles
still exhibit overlapping. This property is independent of the
discharge mode and ion species. To further demonstrate this
invariance, we calculate the similarity factor from the simula-
tion results via

α[n] = logk

( 〈n1(x, t )〉
〈nk (x, t )〉

)
, (4)

where 〈nk (x, t )〉 and 〈n1(x, t )〉 are the spatiotemporally av-
eraged densities in the similar and base cases, respectively.
According to Eq. (4), the similarity factors of each charged
species are determined in Table IV. It is further illustrated that
the density of each ion species has a scaling factor of approx-
imately −1.5, deviating from the similarity prediction, −2
[51]. This deviation holds across different discharge modes.
Here, we provide a qualitative clarification for the property of
α[ni] = −1.5. Table V presents the recombination reactions
and corresponding rate coefficients. The reaction rates of the

three involving CF+
3 ions, i.e., Re1, Re2, and Re3, are labeled

as Rrec1, Rrec2, and Rrec3, respectively. The reaction rates of
those involving the CF+

2 ions are negligible compared to those
involving the CF+

3 ions, thus they are not discussed here. For
the two ion-ion recombination reactions, we have

α[Rrec2] = α[Krec2] + α[nCF+
3
] + α[nF−] (5)

and

α[Rrec3] = α[Krec3] + α[nCF+
3
] + α[nCF−

3
]. (6)

According to Table V, the similarity factors of the rate coeffi-
cients satisfy

α[Krec2] = α[Krec3] = 0. (7)

Additionally, as predicted by similarity theory, the densities of
all ions share a common similarity factor

α[nCF+
3
] = α[nCF−

3
] = α[nF−] = α[ni]. (8)

TABLE IV. Similarity factors for spatiotemporally averaged den-
sities of different charged particles.

Case no. α[nCF+
2

] α[nCF+
3

] α[nCF−
3

] α[nF− ] α[ne]

1 −1.52 −1.51 −1.50 −1.49 −1.93
2 −1.48 −1.45 −1.45 −1.44 −1.93
3 −1.58 −1.47 −1.47 −1.44 −1.95
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TABLE V. Recombination processes considered in the simula-
tion with the corresponding rate coefficients. The ion and electron
temperatures, Ti and Te, are in units of eV.

No. Reaction Rate coefficient (m3 s−1)

Re1 e + CF+
3 3.95 × 10−15 T −0.5

e

Re2 F− + CF+
3 1 × 10−13

Re3 CF−
3 + CF+

3 1 × 10−13

Re4 e + CF+
2 3.95 × 10−15 T −0.5

e

Re5 F− + CF+
2 1 × 10−13

Re6 CF−
3 + CF+

2 1 × 10−13

Combining Eqs. (5), (6), (7), and (8), we have

α[Rrec2] = 2α[ni] (9)

and

α[Rrec3] = 2α[ni]. (10)

According to Eqs. (9) and (10), α[ni] = −1.5 originates from
α[Rrec2] = α[Rrec3] = −3. That is, in electronegative RF dis-
charges, ion-ion recombination reactions (primarily CF+

3 with
F− and CF+

3 with CF−
3 ) must behave as linear collision

processes. To clarify, we assume all ion-ion recombination
reactions to be linear collision processes. Thus, the densities
of F− ions and CF+

3 ions will both satisfy similarity scaling,
i.e.,

nF−,1 = kanF−,k (11)

and

nCF+
3 ,1 = kbnCF+

3 ,k, (12)

where a and b represent the similarity factors for the densi-
ties of F− and CF+

3 ions, and they are both equal to −1.5.
Equations (11) and (12) hold because, besides ion-ion recom-
bination, the other collision reactions affecting the densities
of the two species are dominated by linear processes.

Additionally, for CF4 capacitive RF discharges, since the
quasineutrality is mainly maintained by CF+

3 and F− ions [56],
their densities in the base case and the similar case should
satisfy, respectively,

nF−,1 = nCF+
3 ,1 (13)

and

nF−,k = nCF+
3 ,k . (14)

Equations (11) and (12) self-consistently support the
quasineutrality [Eqs. (13) and (14)], indicating that ion-ion
recombination reactions are required to be linear collision
processes in electronegative RF discharges. If they are non-
linear collisions, then CF+

3 ions will experience a higher
density loss rate than F− ions in similar systems, as they are
involved in a different number of recombination reactions.
This leads to a �= b in Eqs. (11) and (12), and the quasineu-
trality will not be self-consistently satisfied. However, the
electron-ion recombination is classified as a nonlinear pro-
cess since its similarity factor satisfies α[Rrec1] = α[Krec1] +
α[ne] + α[ni] = −3.5, which deviates from α[∂n/∂t] = −3.
Since the electron density is much lower than the ion density,

the electron-ion recombination does not cause an obvious
violation of the similarity scaling in the present work.

We take the F− ion as the representative ion for the fol-
lowing discussions, since this species is present at the highest
density among negatively charged particles. The spatiotempo-
ral distributions of the scaled electron density, k−2ne, and F−
ion density, k−1.5nF− , are presented in Fig. 3. In the first row,
panels (a1) and (b1), respectively, show ne and nF− obtained
in case 1, where panels (c1),(d1) and (e1),(f1) correspond-
ingly present the results obtained in cases 2 and 3. In the
second row, panels (a2)–(f2) present the scaled densities of
the corresponding similar cases (k = 2), sharing the identical
color bars with the first row. It can be observed that the scaled
densities exhibit similarity, including the spatiotemporal char-
acteristics and magnitude. This consistency is independent
of the discharge operation mode. Notably, though the scaled
densities in case 1 demonstrate quantitative agreement, the
number of striations differs, as there are seven density peaks
in panel (b1) and eight in panel (b2). To clarify this difference,
as the spatially modulated structure arises from the oscillation
of positive and negative ions, we introduce the equation de-
scribing the relative ion displacement during the oscillation,
proposed in Ref. [49]:

x(t ) = eE0 / μm√(
ω2

rf − ω2
i

)2 + ω2
rfν

2
c

sin(ωrft − ϕ), (15)

where e is the unit charge, E0 is the bulk electric field am-
plitude, νc is the ion collision frequency, ωrf = 2π f is the
RF angular driving frequency, ϕ is the oscillation phase shift,
and μm is the reduced mass of the positive and negative ions,
which is dependent on the gas type and can be treated as
a constant. The eigenfrequency of the ion oscillation, ωi, is
defined as [49]

ω2
i = e2ni

ε0μm
, (16)

where ni is the ion density. From Eq. (15), the amplitude of
the oscillation is [49]

A = eE0 / μm√(
ω2

rf − ω2
i

)2 + ω2
rfν

2
c

. (17)

Then, an approximation to the number of striations in the base
case, Nstr,1, can be obtained by dividing the width of the bulk
plasma region, L, by the amplitude A:

Nstr,1 = L

A
=

L
√(

ω2
rf − ω2

i

)2 + ω2
rfν

2
c

eE0 / μm
. (18)

In Eq. (18), the bulk plasma width can be considered to
have the same similarity factor as the gap distance, d , i.e.,
α[L] = α[d] = 1. This can be confirmed visually in panels
(a1) and (a2), in which the range of both bulk regions is ap-
proximately 0.25d to 0.75d . Regarding the driving frequency,
there is α[ω2

rf ] = α[ f 2] = −2; the ion collision frequency,
νc, can be assumed to be proportional to the gas pressure,
α[ν2

c ] = α[p2] = −2, and we have α[E0] = −1 for the field
amplitude. Finally, if α[ni] = −2, then α[ωi] = −2 according
to Eq. (16). Overall, by applying the above scaling relation-
ships, the number of striations in the similar case, Nstr,k , can
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FIG. 3. Spatiotemporal distribution of the scaled (a) electron density and (b) F− ion density obtained in case 1, (c) electron density and
(d) F− ion density obtained in case 2, and (e) electron density and (f) F− ion density obtained in case 3. The first row [(a1)−(f1)] and the
second row [(a2)−(f2)] present the results obtained in the base case (k = 1) and the similar case (k = 2), respectively. Here, ne is scaled by
k−2, and nF− is scaled by k−1.5.

be expressed as

Nstr,k =
kL

√[(
k−2ω2

rf

) − (
k−2ω2

i

)]2 + (
k−2ω2

rf

)(
k−2ν2

c

)
e(k−1E0)/μm

=
L
√(

ω2
rf − ω2

i

)2 + ω2
rfν

2
c

eE0/μm

= Nstr,1. (19)

That is, ideally, if α[ni] = −2, the number of striations will
be constant in similar discharges. However, since it is verified
that α[ni] = −1.5, there is Nstr,k > Nstr,1 in practice. In other
words, Eq. (19) reveals that this property of α[ni] = −1.5 es-
sentially constitutes a destruction of discharge similarity. This
is also consistent with the similarity theory, which states that
for similarity scaling to hold between two discharge systems,
α[ni] = −2 must be satisfied.

The dominance of linear collision processes in the density
variation of a charged species reveals if its density similarity
is maintained. Here, we define R6, R13, and R13 in Table II
as Ge, Le, and GF− , and Re2 in Table V as LF− . These are
representative reactions of electron generation and loss, as
well as F− ion generation and loss reactions. The notation
G represents particle generation, and L represents loss. Their
reaction rates are found to be at least one order of magnitude
larger than other reactions of the same type (i.e., the gener-
ation or loss of particles). For example, the reaction rate of
Ge (R6) is about two orders of magnitude larger than R7.
Dissociative ionization, Ge, is a linear collision maintaining
electron density similarity. This is because the summation
of the similarity factor of the density of its reactants is −3.
Attachment, as both Le and GF− , has the same reactants as Ge,
so it is also a linear collision process and maintains similarity
of F− ion density. LF− is the recombination between F− with

CF+
3 . Its reaction rate similarity factor is −3, behaving as a

linear collision process.
Additionally, it should be noted that there are various

types of nonlinear collision processes. For example, all de-
tachment reactions producing electrons, i.e., R23 and R27
in Table II, have the similarity factor of α[Rdet] = α[Kdet] +
α[ni] + α[ng] = −2.5. As for the electron-ion recombination,
i.e., Re1 in Table V, there is α[Rrec1] = α[Krec1] + α[ne] +
α[ni] = −3.5. They deviate from α[∂n/∂t] = −3 and behave
as nonlinear collision processes. However, their reaction rates
are negligible compared to the above four reactions (i.e., Ge,
Le, GF− , and LF−), thus their impact on the discharge similarity
is minor.

Figure 4 presents the RF period-averaged profiles of the
scaled reaction rates, k−3R, of the four reactions dominating
the generation and loss of electrons and F− ions, namely Ge,
Le, GF− , and LF− . In the first column, panels (a), (c), and (e)
are for Ge, Le in cases 1, 2, and 3, and the second column
corresponds to GF− and LF− . The solid and dashed lines are
results obtained in the base case (k = 1) and scaled case
(k = 2). The figure demonstrates that, after scaling by k−3,
the profile of reaction rates of Ge, Le, GF− , and LF− across
similar discharges is overlapping, behaving as linear collision
processes as defined in Eq. (2). Since linear collision pro-
cesses dominate the density change of electrons and F− ions,
the similarity scaling is valid for both species, as shown in
Figs. 2 and 3.

The effect of a varying driving frequency, f , is presented in
Fig. 5 for the spatiotemporally averaged value of (a) the scaled
electron and F− ion density, (b) the scaled reaction rate of GF−

and LF− , and (c) the scaled reaction rate of Ge and Le. Of the
five data points, the first denotes striation mode; the second to
third denote DA mode; and the fourth to fifth denote α-mode.
Across all these modes, the SL predictions match the densities
of both electrons and F− ions shown in panel (a). In panel (b),
the scaled reaction rates of GF− and LF− consistently exhibit
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FIG. 4. RF period-averaged profiles of scaled reaction rates
(k−3R) of Ge, Le (the first column) and GF− , LF− (the second column)
in cases 1 − 3.

good agreement across driving frequencies, behaving as linear
collision processes. This confirms the agreement of the scaled
F− ion density in similar discharges. In panel (c), the scaled
reaction rates of both Ge and Le are overlapping, which also
supports the maintenance of SL scaling for electron density in
panel (a). Overall, Fig. 5 confirms the generality of discharge
similarity over a wide range of driving frequencies for CF4

capacitive RF discharges.
As discussed in the description of Eq. (19), the character-

istic of α[ni] = −1.5 is actually a violation of the discharge
similarity. Figure 6 further illustrates this feature. The color
maps in panels (a), (b), and (c) present the spatiotemporally
resolved scaled electric field k−1E obtained from case 1, case
2, and case 3. Panels (a1)–(c1) are results obtained from
the base case, where panels (a2)–(c2) are from the corre-
sponding similar cases. Based on the electric field obtained
in simulation, we apply the test particle trajectory calculation
here [43,57]. This approach determines the trajectory of a
test electron with the initial condition (x0, t0, v0). It solves
Newton’s equation at each time step, ignoring collisions and
thermal motion. The colored lines denote electron trajectories,
where the color variation reflects the evolution of electron
kinetic energy, Eek, along the trajectories. As observed, in
panels (b1),(b2) and (c1),(c2), the SL scaling is rigorously
valid for both DA mode and α-mode. The spatiotemporal
distributions and intensities of the scaled electric field, along

FIG. 5. Spatiotemporally averaged (a) scaled electron and F− ion
density, (b) scaled reaction rate of the primary collision process in-
ducing F− ion generation, GF− , and loss, LF− , and (c) scaled reaction
rate of the primary collision process inducing electron generation,
Ge, and loss, Le, as functions of the driving frequency f . Of the
five data points in each panel, the first represents striation mode
discharge; the second and third represent DA mode; and the fourth
and fifth represent α-mode.

FIG. 6. Spatiotemporal evolution of the scaled electric field,
k−1E , and the corresponding test electron trajectory departing at
(x0, t0, v0) = (0.5d, 0.35T, 0) of (a) case 1, (b) case 2, and (c) case
3. Panels (a1)–(c1) illustrate results from the base cases, and panels
(a2)–(c2) present those from the similar cases. Through test particle
trajectory calculation, the electron kinetic energy, Eek, is also drawn
along the trajectory in a color-coded plot.

025202-7



ZHENHUA ZHOU et al. PHYSICAL REVIEW E 113, 025202 (2026)

with the electron trajectories within the field, exhibit good
agreement. However, a distinct difference can be found be-
tween panels (a1) and (a2). In (a1), the test electron undergoes
multiple rebounds within the spatially modulated electric
field before exiting the striation region, and then reaches
the plasma-sheath boundary. Subsequently, it undergoes re-
bound processes between the bulk plasma and sheath edge.
The mechanism of this rebound process has been discussed
in Ref. [58]; it primarily occurs at the positive and neg-
ative polarity transition of the spatially modulated electric
field, which mainly traps low-energy electrons. In panel (a2),
the test electron can traverse the bulk plasma region and
directly reaches the boundary, where it is absorbed. As men-
tioned earlier, this difference stems directly from the different
number of striations resulting from the property of α[ni] =
−1.5. Furthermore, for the same initial position (x0, t0) =
(0.5d, 0.35T ), in the base case [panel (a1)] this point may
coincide with the transition moment of the positive and neg-
ative polarity electric fields, inducing electron confinement
there. In contrast, for the similar case [panel (a2)], this point
corresponds to the location of maximum electric field inten-
sity among striations. This causes electrons originating from
this point to accelerate and remain unconfined by the spatially
modulated electric field. Overall, Fig. 6 again demonstrates
that the property of α[ni] = −1.5 is essentially a deviation of
discharge similarity. This is not in conflict with the existing
theory, which indicates that α[ni] = −2 must be satisfied for
discharge similarity to hold.

IV. CONCLUSION

In conclusion, we investigated the similarity scaling prop-
erties in the low-pressure CF4 capacitive RF plasmas using
the kinetic PIC/MCC collision approach. Through analysis on
the RF period-averaged and spatiotemporally resolved charac-
teristics of charged particle density, we confirmed the validity
of the SL scaling relations for the electron density under the
conditions studied, satisfying α[ne] = −2 as in agreement
with the similarity theory. However, although the scaled ion
densities overlap as well, we demonstrate that the similarity
factor of ion density is −1.5, which is independent of the ion

species. This similarity property of ion density violates the
classical similarity theory that predicts α[ni] = −2. This vio-
lation is attributed to the difference in the number of ion-ion
recombination collision types involving CF+

3 and F−, whereas
both are required to maintain the quasineutrality in both the
base case and the similar case. Through a comparative analy-
sis of the collisions, we revealed that the reactions governing
variations in electron and F− ion densities are linear colli-
sion reactions, which support the validity of the SL scaling
for densities of both species. The above results are observed
across distinct discharge modes, including striation mode, DA
mode, and α-mode. Moreover, this property of α[ni] = −1.5
is confirmed to be a destruction of the discharge similarity in
the striation mode, since it is theoretically revealed to induce
a difference in the number of striations. Consequently, the
motion of electrons in the striation mode is different between
the base case and the similar case, as demonstrated by the test
particle calculation. Note that the proposed similarity relations
are demonstrated in the representative electronegative gas
CF4, whereas the universality of similarity scalings in various
gases still needs investigation in future work.
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