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Abstract
In this work, we investigated the possibidlxlity to control both gas-phase chemistry and 
silicon etching kinetics in  C4F8 + O2 + Ar inductively coupled plasma by changes in  O2/Ar, 
 C4F8/O2 and  C4F8/Ar mixing ratios at the constant fraction of the rest component (50%), 
gas pressure (10 mTorr), input power (700 W) and bias power (200 W). The combination of 
plasma diagnostics and modeling tools allowed one: (a) to compare the effects of gas mix-
ing ratios on both steady-state plasma parameters and densities of active species; (b) to fig-
ure out key processes which determine the fluorine atom formation/decay balance in each 
gas system; and (c) to analyze the differences in Si etching kinetics in terms of process-con-
dition-dependent effective reaction probability. It was shown that the maximum changes in 
gas-phase chemistry take place in  O2-rich plasmas due to  CFx + O/O(1D) → CFx−1O + F, 
 CFxO + e → CFx−1O + F + e and CFO + O/O(1D) → CO2 + F stepwise dissociation path-
ways. It was suggested also that the effective probability for Si + xF →  SiFx reaction may 
be controlled by either fluorocarbon film thickness (in  C4F8—rich plasmas) or O atom flux 
(in Ar and  O2—rich plasmas) through the balance of adsorption sites on the etched surface.

Keywords C4F8-based plasma · Diagnostics · Modeling · Reaction kinetics · Etching · 
Polymerization

Introduction

Currently, the issue of global warming in the etching process is receiving attention. To 
reduce this global warming, conventional high global warming potential gases  (CF4,  C4F8) 
are being replaced by liquified perfluorocarbon (L-PFC) precursor with low global warm-
ing potential. However, prior to the study of these L-PFC precursor, the etching mechanism 
of conventional fluorocarbon gas must be investigated. Fluorocarbon gases with a general 
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formula of  CxFy are widely used in the microelectronic industry for dry patterning of sil-
icon and silicon-based materials—SiC,  SiO2 and  Si3N4 [1–5]. Among these gases, only 
 CF4 provides the domination of etching over surface polymerization process (due to the 
domination of F atoms over  CFx radicals in a gas phase) and thus, works as a classical etch-
ant. In a combination with the spontaneous Si + xF →  SiFx reaction, such feature provides 
high silicon etching rates, but results in both the nearly isotropic etching profile and the 
low  SiO2/Si etching rate ratio [1, 2]. Oppositely, the fluorocarbons with y∕x < 3, such as 
 C2F4,  C3F6 and  C4F8, exhibit high polymerization ability that causes lower Si etching rates 
together with the sufficient etching residues in a form of fluorocarbon polymer film. At the 
same time, these gases allow one to obtain the highly-anisotropic etching of silicon (due 
to the protection of side walls by the deposited fluorocarbon polymer layer) as well as the 
much higher  SiO2/Si etching rate ratio (due to the higher fluorocarbon film thickness on 
the oxygen-free surface) [3–5]. It is known also that the etching/polymerization balance in 
fluorocarbon-based plasmas may be effectively adjusted by the addition of Ar and/or  O2 in 
a feed gas [2, 5]. Corresponding mechanisms are connected with changes in both gas-phase 
(F atom yield, density and flux of polymerizing radicals) and heterogeneous (decomposi-
tion rate and thickness of the fluorocarbon polymer film) sub-systems. As such, the reason-
able choice of the feed gas composition provides an additional tool to optimize the output 
etching process characteristics as well as the whole device performance.

Until now, there were several works dealt with investigations of both gas-phase chem-
istry and dry etching kinetics in  C4F8-based plasmas [6–18]. The results of these works 
allowed one to figure out the processes which determine the densities of neutral and 
charged species in binary  C4F8 + Ar and  C4F8 + O2 gas mixtures [6–10], to find the phe-
nomenological relationships between processing conditions, steady-state plasma param-
eters and etching kinetics of Si,  SiO2 and  Si3N4 [11–15] as well as to compose reaction 
schemes providing an adequate description of plasma chemistry by plasma modeling [6–8, 
16–18]. Based on these data, the most important features of given gas system may briefly 
be summarized as follows:

1. Under the low-pressure plasma conditions, both gas-phase and heterogeneous recom-
bination of atoms and radicals does not reproduce the original  C4F8 molecules. As a 
result, the latter appear to be completely dissociated while the dominant neutral species 
in bulk plasma are  C2F4 and  CFx with x = 1–3 [6–8]. The stepwise formation of F atoms 
in electron-impact processes as well as by their effective loss in gas-phase reactions 
provide the condition of nF ≪ nCFx

 [9, 10]. At the same time, the absolute F atom den-
sity in pure  C4F8 plasma is quite close to that in  CF4 under one and the same operating 
conditions [16, 19].

2. In most of cases, the deposited fluorocarbon polymer film is thick enough to limit the 
transport of F atoms to the film/treated surface interface [11, 12]. That is why the etching 
kinetics of Si,  SiO2 and  Si3N4 in  C4F8-based plasmas strongly depends on the thickness 
of polymer layer [13–15] that influences both effective reaction probability and etching 
yield [15, 17]. The addition of  O2 reduces the polymer film thickness and returns the 
etching process to the “normal” regime where the etching rate is controlled by F atom 
and/or ion fluxes [11, 13, 14].

3. The variations of component mixing ratios in both  C4F8 + Ar and  C4F8 + O2 gas systems 
lead to similar non-monotonic changes in both Si and  SiO2 etching rates [11, 13, 14]. 
According to Ref. [16], the transition toward  O2-rich  C4F8 + O2 gas mixtures does not 
result in increasing F atom density, as it was repeatedly mentioned for  CF4 + O2 [5, 
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20, 21]. As such, the effects of non-monotonic etching rates were always attributed to 
changes in fluorocarbon polymer thickness [11–14].

In our opinion, there are at least two principal problems that may play a critical role 
for the etching process optimization. First, the really insufficient attention was paid to 
plasma chemistry and etching kinetics in the three-component  C4F8 + O2 + Ar gas mixtures, 
and particularly to the effect of gas mixing ratios. At the same time, our previous works 
[16, 22] clearly demonstrated that (a) the variations in  O2/Ar and  CF4/O2 mixing ratios 
in the qualitatively similar  CF4 + O2 + Ar gas system provide the wide-range adjustment 
of densities and fluxes of plasma active species due to changes in both electro-physical 
plasma parameters (electron temperature, electron density, ion bombardment energy) and 
gas-phase reaction kinetics; and (b) the impact of  O2/Ar mixing ratio on the properties of 
 CF4 + O2 + Ar and  C4F8 + O2 + Ar plasmas under one and the same operating conditions 
is quite different. And secondly, the interpretations of experimental data on both plasma 
parameters and etching kinetics in most of cases were not matched with the plasma chem-
istry analysis. Therefore, since the basic relationships between gas-phase and heterogene-
ous sub-systems were not clearly understood, some uncertainties in conclusions on etching 
mechanisms took place. For example, Refs. [11, 14] attributed the non-monotonic (with 
maximum at ~ 50% of additive gas) Si and  SiO2 etching rates in  C4F8 + Ar and  C4F8 + O2 
plasmas to the change in the fluorocarbon film thickness. At the same time, this formally 
contradicts with monotonic change in measured film thickness as well as with the maxi-
mum on the corresponding dependence of the polymer deposition rate [11]. As such, the 
detailed study of both gas-phase and heterogeneous phenomena in  C4F8 + O2 + Ar mixture 
is an important task for enriching fundamental knowledge on fluorocarbon gas plasma 
chemistry, for understanding etching mechanisms and thus, for future progress in dry etch-
ing technology.

The idea of this work was to apply the previously developed research scheme (the 
combination plasma diagnostics by Langmuir probes and 0-dimensional plasma mod-
eling [16–18]) to study the  C4F8 + O2 + Ar inductively coupled plasma in three different 
gas mixing regimes which assume changes in  O2/Ar,  C4F8/O2 and  C4F8/Ar mixing ratios 
at constant fraction the third component. The questions of primary attention were a) to 
demonstrate the ability of  C4F8 + O2 + Ar gas system to adjust the plasma parameters and 
composition using the gas mixing ratios only; b) to determine the gas mixing effects on 
parameters which directly influence the heterogeneous reaction kinetics (fluxes of active 
species and flux-to-flux ratios characterizing the etching/polymerization balance); and c) 
to analyze the features of Si etching mechanism in terms of process-condition-dependent 
effective reaction probability.

Experimental and Modeling Details

Experimental Setup and Procedures

Both plasma diagnostics and etching experiments were performed in the planar induc-
tively coupled plasma (ICP) reactor, the same as that used in our previous studies 
[16–18]. Plasma was excited using the 13.56 MHz power supply connected to the cop-
per coil at the top of the chamber. Another 12.56 MHz rf generator biased the bottom 
electrode which was used as a holder for etched samples. The fixed bias power Wdc 
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corresponded to the variable negative dc bias voltage −Udc . Also, the bottom electrode 
had a built-in water-flow cooling system that allowed one to maintain its constant tem-
peratures TS during the etching process.

Plasma parameters were examined by the double Langmuir probe tool DLP2000 
(Plasmart Inc.) that provided the information on electron temperature ( Te ) and saturated 
ion current density ( J+ ). In order to minimize experimental errors due to the deposition 
of fluorocarbon polymer on probe tips, latter were cleaned in 50% Ar + 50%  O2 plasma 
before and after each measurements. Our previous studies [16, 18] have demonstrated 
the efficiency of such cleaning procedure to extract an adequate diagnostics data. The 
total positive ion density n+ was found from J+ ≈ 0.61en+�B assuming the collision-less 
transport of ions through probe sheath [5, 23]. The expression for ion Bohm velocity 
�B ≈

√
eTe∕mi neglected the impact of negative ions. From previously published works 

[16, 22, 24], it can be understood that such simplification is quite applicable to low-
pressure electronegative plasmas. The variable (i.e. the dependent on the initial mixture 
composition) effective ion mass was determined as mi = (

∑
yX+

i
∕mX+

i
)−1 , where mX+

i
 and 

yX+
i
 are individual ion masses and fractions inside n+ . Parameters yX+

i
 were estimated 

assuming their proportionality to kizyX∕
√
1∕mX+  , where kiz is the ionization rate coef-

ficient [7, 8], and yX is the fraction of corresponding neutral particle.
Silicon etching kinetics was studied using the fragments of Si wafer with dimensions 

of about 2 × 2  cm which were placed in the middle part of the bottom electrode. The 
small sample size allowed one to neglect the loading effect as well as to provide the etch-
ing regime controlled by heterogeneous process kinetics. In preliminary experiments, it 
was found that there are no principal (i.e. exceeding the standard experimental error) 
differences in Langmuir probe diagnostics results with and without etched samples in 
the reactor chamber. In fact, such situation allows one to neglect feedbacks between 
heterogeneous and bulk subsystems as well as to assume the gas-phase as the steady-
state source of active species when analyzing the plasma-surface interaction effects. Sil-
icon etching rates were determined from corresponding etched depths Δh measured by 
a surface profiler (Alpha-step 500, Tencor) for a processing time of � = 60 s. Since the 
condition � < 300  s surely provided the steady-state etching regime (that follows from 
the quasi-linear Δh = f (�) curves), one can simply accept R = Δh∕� . The experiments 
indicated also that there are no principal differences in Si etching kinetics for samples 
placed in different radial positions on the bottom electrode. This allows one to assume 
the spatially independent etching mechanism, and the weakly decreasing absolute etch-
ing rates toward chamber walls may be associated with the non-uniform radial profiles 
of densities and fluxes of plasma active species [5].

In order to examine the effects of various component mixing ratios, we conducted 
three experimental series where the initial  C4F8 + O2 + Ar gas compositions were set by 
adjusting the partial flow rates for mixture components—qC4F8

 , qO2
 and qAr . The constant 

parameters were total gas flow rate ( q = 40 sccm), gas pressure ( p = 10 mTorr), input power 
( W = 700  W), bias power ( Wdc = 200  W) and etched sample temperature ( TS ~ 17  °C). In 
first experimental series, the fraction of  C4F8 ( yC4F8

= qC4F8
∕q ) was fixed at 50%, and the 

variable parameters were yO2
 and yAr . An increase in yO2

 from 0 to 50% corresponded to the 
transition from 50%  C4F8 + 50% Ar to 50%  C4F8 + 50%  O2 gas system. In second experi-
mental series, we changed the fractions of  C4F8 and  O2 at constant yAr = 50%. As such, an 
increase in yO2

 from 0 to 50% corresponded to the transition from 50%  C4F8 + 50% Ar to 
50%  O2 + 50% Ar gas system. Accordingly, in third experimental series variable param-
eters were yC4F8

 and yAr at constant yO2
 . An increase in yAr from 0 to 50% corresponded to 

the transition from 50%  C4F8 + 50%  O2 to 50%  O2 + 50% Ar gas system. For convenience, 
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the information of gas mixing regimes corresponding to various experimental series is 
summarized in Table 1.

Plasma Modeling

In order to obtain the densities and fluxes of plasma active species, we used a simplified 
zero-dimensional kinetic model with the experimental data on Te and n+ as input param-
eters [16–18, 24]. The basic kinetic scheme (the set of reactions with corresponding rate 
coefficients) for  C4F8 + O2 + Ar gas system was taken from our previous work [16, 17]. 
In order to provide the more accurate description of gas-phase reactions involving O and 
O(1D) species, we took into account their formation and decay mechanisms with a partici-
pation of  O2(a1Δ) and  O2(b1Σ) molecules [25, 26]. The modeling algorithm was built in 
using the standard approaches for low pressure ( p < 50 mTorr) electronegative plasmas, 
including the fluorocarbon-based gas systems. Particularly, it was assumed that:

1. The electron energy distribution function (EEDF) has the nearly Maxwellian shape. 
The applicability of Maxwellian EEDFs to describe electron-impact kinetics in low-
pressure  C4F8-based plasmas has been demonstrated in several works [6–8, 16, 27] by 
the acceptable agreement between the experimental and modeling data. This allows one 
to obtain the electron-impact rate coefficients from the fitting expressions in a form of 
k = ATB

e
exp

(
−C∕Te

)
 , where coefficients A , B and C are available from published works 

[7, 27].
2. The low electronegativity of  C4F8 + O2 + Ar plasma under the given set of processing 

conditions provides n−∕ne ≪ 1 and ne ≈ n+ , where ne and n− are densities of electrons 
and negative ions, respectively [6, 16, 17]. As such, one may limit the kinetic scheme by 
neutral species only as well as may not account for the influence of dissociative attach-
ment processes on plasma parameters and active species kinetics.

3. The dependence of gas temperature on component mixing ratios at p,W = const may be 
ignored. Accordingly, the condition Tgas ≈ const allows one to operate with the constant 
rate coefficients for gas-phase atom-molecular reactions.

4. The heterogeneous decay of unsaturated ground-sate  (CxFy, F, C, O) and excited (O(1D), 
 O2(a1Δ),  O2(b1Σ), Ar(3P0,1,2)) species is described by the conventional first-order recom-
bination kinetics. Corresponding recombination probabilities may be taken from Refs. 
[7, 16, 17] where these were either obtained experimentally or adjusted by modeling 
procedure to obtain the agreement between measured and model-predicted species den-
sities.

Table 1  Gas mixing regimes in 
various experimental series

No. exp. Component fractions in  C4F8 + O2 + Ar (%)

Mixing regime 1 Mixing regime 2 Mixing regime 3

yC
4
F
8

yO
2

yAr yC
4
F
8

yO
2

yAr yC
4
F
8

yO
2

yAr

1. 50 0 50 50 0 50 50 50 0
2. 50 12 38 38 12 50 38 50 12
3. 50 25 25 25 25 50 25 50 25
4. 50 38 12 12 38 50 12 50 38
5. 50 50 0 0 50 50 0 50 50
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The output model parameters were the volume-averaged steady-state densities of plasma 
active species and their fluxes to the etched surface. More details on modeling assump-
tions, algorithms, computational procedures and sources of chemical kinetics data may be 
found in Refs. [16–18].

Results and Discussion

When analyzing the plasma chemistry in the multi-component gas mixture, the question of 
primary importance is how the mixing ratios of various feed gas components do influence 
the gas-phase plasma characteristics. The key issues here are the electrons-related parame-
ters (electron temperature, electron density) that determine formation rates of plasma active 
species in electron impact processes (and thus, their densities and fluxes to the treated sur-
face) as well as the ions-related parameters (ion flux and ion energy on the plasma sheath 
edge) characterizing the intensity of ion bombardment. From Fig. 1, one can conclude that 
the investigated gas mixing regimes provide different and sometimes opposite effects on 
the kinetics of both electron-impact reactions and ion-assisted heterogeneous processes. 
The obtained results may be summarized as follows:

• The substitution of Ar for  O2 at yC4F8
 = const lowers both electron temperature (4.3–

3.2  eV for 0–50%  O2, Fig.  1a) and densities of charged species (5.0 × 1010–
3.9 × 1010 cm−3 for 0–50%  O2, Fig. 1b). A decrease in Te may surely be associated with 
higher electron energy losses in the low-threshold excitation of  O2 and other molecular 
reaction products (FO,  CFxO, CO,  CO2 [16]) compared with those for Ar atoms. It 
should be noted that such situation is quite typical for binary mixtures of noble and 
molecular gases. The decreasing tendency for n+ (and thus, for ne when assuming the 
quasi-neutrality condition in a form of ne ≈ n+ ) may result from the simultaneous 
decrease in total ionization rate and an increase in loss rates for both electrons and posi-
tive ions. The first phenomenon takes place because of both lower rate coefficients for 
R1:  O2 + e →  O2

+ + 2e ( k1 ~ 1.3 × 10−10  cm3 s−1 for Te = 3 eV) and R2: O + e →  O+ + 2e 
( k2 ~ 2.1 × 10−10  cm3  s−1 for Te = 3  eV) compared with R3: Ar + e →  Ar+ + 2e 
( k3 ~ 2.6 × 10−10  cm3 s−1 for Te = 3 eV) and a fall of ionization efficiency together with 
Te (for example, 7.5 × 10−10–2.1 × 10−10  cm3  s−1 for k1 and 1.7 × 10−9–
3.6 × 10−10  cm3  s−1 for k3 at 0–50%  O2). The second mechanism probably works 
through increasing rates of dissociative attachment and ion-ion recombination due to 
increasing densities of electronegative oxygen-containing species. The total flux of pos-
itive ions �+ follows the behavior of n+ and change from 8.5 × 1015–6.1 × 1015 cm−2 s−1 
for 0–50%  O2. The weakly increasing −Udc (298–332 V for 0–50%  O2, Fig. 1c) and ion 
bombardment energy �i ≈ e

|||
−Uf − Udc

|||
 , where Uf  is the floating potential, does not 

compensate for the fall of �+ . As a result, the parameter 
√
Mi�i�+ characterizing the 

ion momentum flux [16, 18, 22] also demonstrates the monotonic fall toward higher yO2
 

values (1.1 × 1018–7.7 × 1017  eV1/2  cm−2  s−1 for 0–50%  O2, Fig.  1d). Therefore, the 
given gas mixing regime suppresses electron-impact kinetics (due to a simultaneous 
decrease in Te and ne ) as well as lowers the intensity of ion bombardment.

• The substitution of  C4F8 for  O2 at yAr = const also results in decreasing Te (4.3–3.6 eV 
for 0–50%  O2, Fig.  1a), but causes a weak growth in densities of charged species 
(5.0 × 1010–6.3 × 1010 cm−3 for 0–50%  O2, Fig. 1b). Obviously, the similar (in respect 
to the previous mixing regime) influence of  C4F8/O2 mixing ratio on electron temper-
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ature results from the similar change in EEDF which reduces the high-energy “tail” 
with increasing  O2 fraction in a feed gas. The reason is the wider range of electron 
energy losses for  O2 molecules compared with  CFx species provided by the low-thresh-
old processes R4:  O2 + e → O2(a1Δ) + e ( �th ~ 1.0  eV) and R5:  O2 + e → O2(b1Σ) + e 
( �th ~ 1.6 eV). An increase in both n+ and ne results from the combination of nearly con-
stant total ionization rate and decreasing heterogeneous loss rates for electrons and pos-
itive ions. The first phenomenon takes place because a bit lower rate coefficient for R1 
compared with R6:  CFx + e → CFx

+ + 2e ( k6 ~ 1.5 × 10−10  cm3 s−1 for x = 1, ~ 3.5 × 10−10 
 cm3  s−1 for x = 2 and ~ 1.3 × 10−10  cm3  s−1 for x = 3 at Te = 3  eV) is compensated by 
a) high dissociation degree for  O2 molecules that provides nO ≈ nO2

 with k2 > k1 ; 
and b) contributions of R7:  O2(a1Δ) + e → O2

+ + 2e ( k7 ~ 4.7 × 10−10  cm3  s−1 at 
Te = 3 eV), R8:  O2(b1Σ) + e → O2

+ + 2e ( k8 ~ 5.5 × 10−10  cm3 s−1 at Te = 3 eV) and R9: 

(a) (b)

(c) (d)

Fig. 1  Electron temperature (a), densities of charges species (b), negative dc bias (c) and the parameter √
Mi�i�+

 characterizing ion momentum flux (d) as functions of component mixing ratios in  C4F8 + O2 + Ar 
gas mixture. Numbers on curves relate to different gas mixing regimes (see Table 1). The corresponding 
“x” axis arguments are: 1—yO

2
 (the substitution of Ar for  O2) at constant fraction of  C4F8; 2—yO

2
 (the sub-

stitution of  C4F8 for  O2) at constant fraction of Ar; and 3—yAr (the substitution of  C4F8 for Ar) at constant 
fraction of  O2
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O(1D) + e → O+ + 2e ( k9 ~ 5.8 × 10−10  cm3 s−1 at Te = 3 eV). The mentioned changes in 
the heterogeneous loss kinetics follow from the decreasing Te that lowers both effective 
diffusion coefficient for electrons and ion Bohm velocity. The change of �+ (8.5 × 1015–
1.2 × 1016  cm−2s−1 for 0–50%  O2) meets the opposite tendency of ion bombardment 
energy due to a decrease in −Udc (298–234 V for 0–50%  O2, Fig. 1c). As a result, the 
parameter 

√
Mi�i�+ keeps the nearly constant value of about 1.2 × 1017 eV1/2cm−2 s−1 

(Fig. 1d). Therefore, the given gas mixing regime does not produce principal changes 
in both electron-impact kinetics (due to the opposite changes in Te and ne ) and ion bom-
bardment intensity.

• The substitution of  C4F8 for Ar at yO2
 = const accelerates the electron-impact kinetics 

through increasing tendencies for both Te (3.2–3.6 eV for 0–50% Ar, Fig. 1a) and densi-
ties of charged species (3.9 × 1010–6.3 × 1010 cm−3 for 0–50% Ar, Fig. 1b). The behav-
ior of Te has the similar nature with that mentioned for the first gas mixing regime. 
Really, as the electron-impact excitation processes for Ar atoms are characterized by 
higher threshold energies and lower cross-section compared with those for  CFx species, 
an increase in yAr reduces the electron energy losses in the middle part of EEDF and 
thus, increases the amount electrons with higher energies. The growth of n+ and ne may 
surely be associated with an increase in total ionization rate. The reasons are that a) 
the absolute values of k3 and the particle-type-averaged k6 are quite close; b) k3 is more 
sensitive to an increase in Te due to the higher threshold energy for R3 (~ 15.6 eV) com-
pared with R6 (~ 10 eV); and c) the ionization rate in Ar-rich plasmas is contributed 
by R10: Ar(3P0,1,2) + e → Ar+ + 2e ( k10 ~ 8.4 × 10−8  cm3  s−1 at Te = 3  eV). In contrast 
to the previous case, an increase in �+ (6.1 × 1015–1.2 × 1016 cm−2 s−1 for 0–50% Ar) 
appears to be stronger compared with a decrease in both −Udc (332–234 V for 0–50% 
 O2, Fig. 1c) and ion bombardment energy. As such, the change in 

√
Mi�i�+ (7.7 × 1017–

1.1 × 1018 eV1/2cm−2 s−1 for 0–50% Ar, Fig. 1d) points out on increasing ion bombard-
ment intensity.

Among the neutral gas-phase components, the species of primary interest are F atoms 
(as etchants for treated surface), fluorocarbon radicals  CFx with x = 1 and 2 (as polymeriz-
ing species providing the formation of the fluorocarbon polymer film on the plasma/surface 
interface) and O atoms (as etchants for the fluorocarbon polymer film). From modeling 
results, it was found that the given set of operating conditions provides all typical features 
mentioned in previous works [6–9, 16–18, 28]. These are:

1. The dominant species in the non-oxygenated  C4F8 + Ar gas system are  C2Fx (x = 3, 
4) and  CFx (x = 1, 2, 3) radicals while the densities of F and  F2 are lower by about an 
order of magnitude. In this group, only  C2F4 and  CF2 are the first-step dissociation 
products of original  C4F8 molecules which appear in R11:  C4F8 + e → C3F6 + CF2 + e 
and R12:  C4F8 + e → 2C2F4 + e. The condition nCF2

 > nC2F4
 (~ 9.2 × 1013  cm−3 

и ~ 3.4 × 1013 cm−3, respectively, for 50%  C4F8 + 50% Ar gas system) is provided by 
R13:  C2F4 + e → 2CF2 + e, R14:  C2F4 + e → C2F3 + F + e and R15:  C2F4 + F → CF2 + CF3.

2. The main source of F atoms is R16:  CFx + e → CFx−1 + F + e (x = 1–3) while the domi-
nant decay mechanisms for these species are a group of heterogeneous processes R17: 
 CFx + F → CFx+1 together with R15. Since the latter exceeds R17 by about an order of 
magnitude, the condition nCFx

 > nF always takes place. Accordingly, the impact from 
R18:  F2 + e → 2F + e to the total F atom formation rate does not exceed 1% due to 
nCFx

 ≫ nF2
.
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3. The addition of  O2 introduces new reaction pathway for both f luorocar-
bon species and oxygen-containing products. The most effective ones are 
R19:  CFx + O/O(1D) → CFx−1O + F, R20: CFO + O/O(1D) → CO2 + F, R21: 
FO + O/O(1D) → O2 + F and R22:  CFxO + e → CFx−1O + F + e. In general case (i.e. 
without accounting for the specific gas mixing regime), the related effects provide an 
increase in decomposition rate for  CFx radicals, the limitation of gas-phase densities of 
 CFxO and FO compounds as well as increasing formation rates for F, CO and  CO2.

Figures  2 and 3 illustrate the effects of various gas mixing regimes on densities and 
kinetics of selected neutral species. The substitution of Ar for  O2 at yC4F8

 = const lowers 
the efficiency of R16 (for example, k16ne = 59–24  s−1 for  CF3 and 95–31  s−1 for  CF2 at 
0–50%  O2) as well as limits the rates of R23:  O2 + e → 2O + e, R24:  O2 + e → O + O(1D) + e 
and R25: O + e → O(1D) + e because of the fast decay of  O2 molecules in R26: 
CF + O2 → CFO + O ( k26 ~ 3.2 × 10−11  cm3 s−1) and R27: C + O2 → CO + O ( k27 ~ 1.6 × 10−11 
 cm3 s−1). As a result, the lack of oxygen atoms ( nO = 4.3 × 1010–2.2 × 1011 cm−3 for 12–50% 

(a) (b)

(c) (d)

Fig. 2  Densities of selected neutral species as functions of component mixing ratios in  C4F8 + O2 + Ar gas 
mixture. Numbers on curves relate to different gas mixing regimes and “x” axis arguments, as in Fig. 1
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 O2, Fig. 2d) provides the condition R16 > 
∑22

i=19
Ri (Fig. 3) even for the 50%  C4F8 + 50%  O2 

gas mixture. Accordingly, the transition toward  O2-rich plasmas is accompanied by mono-
tonically decreasing densities for both F atoms (by ~ 5 times, see Fig. 2a) and polymerizing 
radicals (by ~ 4 times for  CF2 and by ~ 8 times for CF, see Fig. 2b, c).

The substitution of  C4F8 for  O2 at yAr = const lowers the amount of fluorocarbon com-
ponent in a feed gas and thus, suppresses both the formation of F atoms in R16 (1.3 × 1
016–1.4 × 1013 cm−3 s−1, or by ~ 900 times for 0–38%  O2, see Fig. 3a) and the loss of  O2 
molecules through R26 and R27. The last effect causes the much faster increase in  O2, 
O and O(1D) densities compared with previous case (Fig. 2d), creates the favorable con-
ditions for R19–R22 and provides the noticeable contribution of these processes to the 

(a) (b)

(c) (d)

Fig. 3  Fluorine atom formation rates through different reaction pathways as functions of component 
mixing ratios in  C4F8 + O2 + Ar gas mixture. a  CFx + e → CFx−1 + F + e (solid lines) and  F2 + e → 2F + e 
(dashed lines). b  CFxO + e → CFx−1O + F + e (solid lines) and FO + e → F + O + e (dashed lines). c 
 CFx + O/O(1D) → CFx−1O + F. d CFO + O/O(1D) → CO2 + F (solid lines) and FO + O/O(1D) → O2 + F 
(dashed lines). Numbers on curves relate to different gas mixing regimes and “x” axis arguments, as in 
Fig. 1
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total F atom formation rate starting from yO2
 ~ 25% (Fig. 3). Accordingly, the range of 

0–40%  O2 is featured by the deep fall in densities of  CFx radicals (by ~ 450 times for  CF3, 
by ~ 1000 times for  CF2 and by ~ 500 times for CF at 0–38%  O2, see Fig. 2b, c) as well as 
by the condition R16 + 

∑22

i=19
Ri ≈ const. Simultaneously, the decreasing density of  C2F4 

(by more than three orders of magnitude, owing to R28:  C2F4 + O/O(1D) → CF2O + CF2) 
suppresses R15 and thus, reduces the effective (i.e. composed by the net effect from R15 
and R17) decay frequency for F atoms by ~ 25 times, from 1500 to 60 s−1 for 0–38%  O2. 
All these result in the non-monotonic (with a maximum at ~ 35–40%  O2, see Fig.  2a) 
dependence of F atom density on yO2

.
The substitution of  C4F8 for Ar at yO2

 = const increases the efficiency of R16 (for 
example, k16ne = 24–38  s−1 for  CF3 and 31–72  s−1 for  CF2 at 0–50% Ar) as well as 
always fits the conditions yO2

 > yC4F8
 . An excess of O and O(1D) species in a gas phase 

(Fig.  2b) rapidly transfers the  CFx radicals in a form of  CFxO and FO compounds 
(Fig. 2c, d) as well as provides an increase in 

∑22

i=19
Ri up to 35–40% Ar mostly owing 

to R20, R21 and R22 (Fig. 3). As a result, the total F atom formation rate R16 +
∑22

i=19
Ri 

exhibits a maximum at ~ 35 to 40% Ar. In addition, the rapid consumption of  C2F4 in 
R28 lowers the effective decay frequency for F atoms in similar extent as was mentioned 
for the previous case (1220–60 s−1, or by ~ 20 times for 0–38% Ar). All these provide 
the stronger (in respect to the initial F atom density) maximum on the nF = f

(
yAr

)
 curve 

(Fig. 2a).
Summarizing above data, one should mention that the effect of component mixing ratios 

on the chemistry of neutral species (in fact, on the chemical etching pathway) is much 
stronger compared with the change in ion bombardment intensity. It is also clear that only 
two gas mixing regimes are able to provide the effective adjustment for the etching/polym-
erization balance through the opposite changes in densities of F atoms and polymerizing 
radicals. At the same time, the qualitatively similar behaviors in F atom density obtained in 
second and third gas mixing regimes (particularly, an increase in nF in the range of 0–35% 
 O2 or Ar) are caused by different mechanisms. These are either the change in F atom decay 
kinetics at constant formation rate or an increase in formation rate together with the change 
in decay kinetics. One can suggest that the first case may be more sensitive to reactor 
chamber materials through the recombination probability for F atoms.

Figure 4 shows the influence of gas mixing regimes on silicon etching kinetics. For 
the interpretation of these data, one can account for known features of the reactive-ion 
etching process in polymerizing plasmas [5, 13, 15, 29–33]:

1. The measured etching rate, RSi , may be represented in a form of two summands, 
Rphys + Rchem . The first summand is the rate of physical sputtering given by YS�+ [29], 
where YS ~ 

√
Mi�i [22, 24] is the Si sputtering yield. The second summand is the rate of 

ion-assisted reaction Si + xF →  SiFx which may be found as �R�F . The effective reac-
tion probability �R decreases with increasing thickness of the fluorocarbon polymer film 
as well as depends on any factor influencing the fraction of free adsorption sites for F 
atoms.

2. The growth of the fluorocarbon polymer film is provided by the  CFx (x = 1, 2) radicals, 
and the polymerization ability increases in fluorine-poor plasmas [15, 32]. Accord-
ingly, the polymer deposition rate may be traced by the �pol∕�F ratio [22, 33], where 
�pol = �CF2

+ �CF , and the parameters �pol∕
√
Mi�i�+�F and �pol∕�O�F characterize the 

change in the polymer film thickness, hpol , due to physical (sputtering by ion bombard-
ment) and chemical (etching by O atoms) destruction pathways [16, 33].
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From Fig. 4a, it can be seen that the substitution of Ar for  O2 at yC4F8
 = const causes 

the non-monotonic behavior of Si etching rate. Particularly, the latter increases from 81 
to 122 nm min−1 up to 10–15%  O2 and then shows a smooth fall in more oxygenated plas-
mas reaching 97 nm min−1 at 50%  O2. At the same time, the etching rate in the fluorine-
less plasma is much lower and does not exceed 10  nm  min−1 even for higher 

√
Mi�i�+ 

values. This allows one to conclude that a) the given set of operating conditions provide 
Rphys ≪ Rchem ; and b) the mentioned non-monotonic change in RSi is completely associ-
ated with Rchem . The change in effective reaction probability �R = RSi∕�F (0.043–0.24 for 
0–50%  O2, Fig. 4b) contradicts with the behavior of 

√
Mi�i�+ , but demonstrates an agree-

ment with decreasing polymer film thickness. The last conclusion directly follows from 
the combination of nearly constant �pol∕

√
Mi�i�+�F (Fig. 4c) and decreasing �pol∕�O�F 

(Fig. 4d) that points out on the shift in the polymer formation/destruction balance toward 
the destruction. Similar correlations (the lower polymer film thickness, the higher reaction 
probability or etching yield) have been reported in several experimental works [13, 15, 34] 

(a) (b)

(c) (d)

Fig. 4  Silicon etching kinetics (a, b) and parameters characterizing the decomposition of fluorocar-
bon polymer film by physical (c) and chemical (d) pathways as functions of component mixing ratios in 
 C4F8 + O2 + Ar gas mixture. Numbers on curves relate to different gas mixing regimes and “x” axis argu-
ments, as in Fig. 1
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for Si,  SiO2, and  Si3N4. As such, one can surely suggest that the non-monotonic Si etching 
rate is produced by the opposite changes in F atom flux and effective reaction probability 
while an increase in �R results from decreasing hpol that promotes the transport of F toms to 
the etched surface [5, 13–15].

The substitution of  C4F8 for  O2 at yAr = const lowers also results in non-monotonic 
RSi = f

(
yO2

)
 curve with a quite similar position in etching maximum etching rate. Com-

pared with previous case, the main differences are the weaker etching rate growth in the 
pre-maximum region (81–95 nm min−1 for 0–50%  O2) as well as the deeper fall down to 
the value of ~ 9 nm min−1 provided by the physical sputtering only (Fig. 4a). The effective 
reaction probability shown in Fig. 4b keeps the nearly constant value for 0–25%  O2 and 
then shows the fast decrease with increasing yO2

 . At the same time, the data of Fig. 4c, d 
indicate the deep fall of both �pol∕

√
Mi�i�+�F and �pol∕�O�F values that may be associ-

ated with the rapidly decreasing hpol . As such, the given gas mixing regime provides no 
agreement in change of �R and hpol , as was mentioned in previous case. Based on this fact, 
one can suggest that under the condition of yC4F8

 < yO2
 the Si etching kinetics is much less 

affected by the polymer deposition/destruction balance due to the low hpol value. In our 
opinion, the nearly constant �R in the range of 0–25%  O2 is associated with the same behav-
iors of 

√
Mi�i�+ and surface temperature (i.e. with nearly constant fraction of free adsorp-

tion sites for F atoms) while a decrease in effective reaction probability in more oxygenated 
plasmas may be connected with two mechanism. First mechanism is the oxidation of reac-
tion products into  SiFxOy compounds which may exhibit lower volatility compared with 
 SiFx. Though this suggestion cannot be confirmed directly by experimental data, one can 
refer for similar differences in volatilities of non-oxidized and oxidized silicon chlorides 
and bromides [35, 36]. And secondly, one can simply imagine that an increasing flux of 
O atoms passivate the surface through their chemisorption and formation of Si–O bonds. 
Obviously, this lowers the amount of adsorption sites for F atoms as well as increases the 
overall reaction threshold.

The substitution of  C4F8 for Ar at yO2
 = const causes the monotonic decrease in both 

Si etching rate (97–9  nm  min−1 for 0–25% Ar, Fig.  4a) and effective reaction probabil-
ity (Fig.  4b). Since an increase in Ar mixing ratio always corresponds to yC4F8

 < yO2
 as 

well as leads to the deep fall of hpol (as follows from the changes in �pol∕
√
Mi�i�+�F and 

�pol∕�O�F in Fig. 4c, d) the situation looks to be quite similar to the previous case. One 
should mention only that the 50%  C4F8 + 50%  O2 plasma, as the starting point in this gas 
mixing regime, provides the lower amount of deposited fluorocarbon polymer (or even 
the polymer-free surface) together with the higher O atom flux. Probably, this causes the 
stronger impact of oxygen-flux-related effects Si etching kinetics as well as results in 
higher sensitivity of �R to the change in �O.

Another possible mechanism which may influence �R in given gas system is the 
defluorination of polymer film by ion bombardment. Particularly, Standaert et al. [15] 
has demonstrated that the ion-induced generation of F atoms within the polymer layer 
impacts the Si etching kinetics together with the polymer film thickness. However, this 
conclusion was made for the case of very thick (~ 100  nm) polymer film which was 
especially deposited before the etching. Obviously, the thick film retards the access of 
F atoms from a gas phase to Si surface, and the F atoms produced by the polymer itself 
may play the noticeable role in the etching process. At the same time, Ref. [15] reported 
also that the steady-state hpol on silicon treated in pure  C4F8 plasma under quite close to 
our case operating conditions is about few monolayers, or ~ 1 to 2 nm. Since our exper-
iments were always performed with the half-diluted  C4F8 gas and in the presence of 
oxygen, the similar or even lower hpol may reasonably be assumed. Accordingly, such 
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situation provides the much easier access of F atoms from a gas phase trough the poly-
mer film as well as the much lower contribution of F atoms generated in the polymer 
layer. From Ref. [15], it can be understood also that the change in defluorination degree 
may be traced by the parameter 

√
Mi�i�+ , as was suggested for any ion-induced pro-

cess. The rater weak changes of 
√
Mi�i�+ in all three gas mixing regimes (Fig. 1d) indi-

cate that, even if the defluorination contributes �R , it works as a nearly constant sum-
mand. Moreover, in all there cases the behavior of �R (Fig.  4b) contradicts with that 
for 

√
Mi�i�+ (Fig. 1d), and thus, with the defluorination degree. All these suggest that, 

under the given set of processing conditions, the polymer defluorination effect is not a 
critical issue determining the silicon etching kinetics.

From above data, one can surely conclude that the influence of each gas mixing 
regime on Si etching kinetics is not controlled by the F atom flux only, but also assumes 
the change in the effective reaction probability. The nature of last effect depends on 
yC4F8

∕yO2
 ratio through either the deposition/destruction balance for the fluorocar-

bon polymer film or the oxygen-induced heterogeneous processes on the polymer-free 
surface. Particularly, under the condition of yC4F8

∕yO2
 > 1 (in fact, under the combina-

tion of high flux for polymerizing radicals and low flux of oxygen atoms), the poly-
mer film is thick enough to influence �R through the transport of F atoms to the etched 
surface. As such, the typical rule “the thicker polymer film, the lower reaction prob-
ability” does work. The condition yC4F8

∕yO2
 < 1 provides the polymer-pure surface, but 

also limits �R through decreasing fraction of adsorption sited for F atoms. The suggested 
mechanisms are the oxidation of reaction product to the lower volatile compounds as 
 SiFx + yO → SiFxOy or the concurrent adsorption of O atoms with the formation of Si–O 
bonds. Obviously, all these provide the reasonable explanation of experimental results, 
but require additional investigations in the field of heterogeneous chemistry analysis.

Conclusions

In this work, we investigated how various gas mixing regimes in the three-component 
 C4F8 + O2 + Ar gas system (the change in  O2/Ar mixing ratio at constant fraction of  C4F8, 
the change in  C4F8/O2 mixing ratio at constant fraction of Ar and the change in  C4F8/
Ar mixing ratio at constant fraction of  O2) do influence on plasma parameters, densi-
ties of active species and silicon etching kinetics. From the plasma chemistry analysis, it 
was found that (a) all three component ratios affect the electron-impact kinetics through 
changes in both electron density and temperature; (b) the  O2-rich gas mixtures provide the 
noticeable changes in gas-phase reaction kinetics due to  CFx + O/O(1D) → CFx−1O + F, 
 CFxO + e → CFx−1O + F + e and CFO + O/O(1D) → CO2 + F stepwise dissociation path-
ways; and c) the variations in  C4F8/O2 and  C4F8/Ar mixing ratios result in non-monotonic 
(with a maximum at ~ 35% Ar or  O2) behaviors of F atom density. In the case of  C4F8/O2 
mixing, the last effect is not connected with an increase in total F atom formation rate, but 
is caused by the decrease in their loss rate in  C2F4 + F → CF2 + CF3. The analysis of Si 
etching kinetics with model-predicted fluxes of active species allowed one to suggest that 
the effective probability for the heterogeneous Si + F reaction may be sensitive to different 
factors, depending on the  C4F8 fraction in a feed gas. This may be either the fluorocarbon 
film thickness (in  C4F8—rich plasmas) or the balance of adsorption sites for F atoms on the 
polymer-free surface (in Ar and  O2—rich plasmas).
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