
ORIGINAL PAPER

On the Control of Plasma Parameters and Active Species
Kinetics in CF4 + O2 + Ar Gas Mixture by CF4/O2

and O2/Ar Mixing Ratios

Alexander Efremov1 • Junmyung Lee2 • Jihun Kim2

Received: 30 January 2017 / Accepted: 28 April 2017 / Published online: 13 May 2017
� Springer Science+Business Media New York 2017

Abstract The effects of both CF4/O2 and Ar/O2 mixing ratios in three-component

CF4 ? O2 ? Ar mixture on plasma parameters, densities and fluxes of active species

determining the dry etching kinetics were analyzed. The investigation combined plasma

diagnostics by Langmuir probes and zero-dimensional plasma modeling. It was found that

the substitution of CF4 for O2 at constant fraction of Ar in a feed gas produces the non-

monotonic change in F atom density, as it was repeatedly reported for the binary CF4/O2

gas mixtures. At the same time, the substitution of Ar for O2 at constant fraction of CF4
results in the monotonic increase in F atom density toward more oxygenated plasmas. The

natures of these phenomena as well as theirs possible impacts on the etching/polymer-

ization kinetics were discussed in details.

Keywords CF4-based plasma � Diagnostics � Modeling � Reaction kinetics

Introduction

Fluorocarbon (FC) gases with a general formula of CxFy are widely used in the micro-

electronic industry for dry patterning of silicon wafers and dielectric (SiO2, Si3N4) thin

films [1, 2]. Among these, the CF4 is characterized by the highest F/C ratio and provides

the domination of etching over the surface polymerization process under the typical

reactive ion etching conditions [3–5]. Being used for the etching process, the CF4 is

frequently combined with Ar or O2 in forms of binary CF4 ? Ar or CF4 ? O2 gas mixtures

& Alexander Efremov
efremov@isuct.ru

1 Department of Control and Instrumentation Engineering, Korea University, Sejong 30019, South
Korea

2 Department of Electronic Devices and Materials Technology, State University of Chemistry and
Technology, 7 Sheremetevsky St., Ivanovo, Russia 153000

123

Plasma Chem Plasma Process (2017) 37:1445–1462
DOI 10.1007/s11090-017-9820-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s11090-017-9820-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11090-017-9820-z&amp;domain=pdf


with the aims of accelerating the physical etching pathway, increasing the F atoms yield

and suppressing polymerization on the surfaces which are in a contact with plasma [4, 5].

Recently, in order to satisfy the increasingly demanding requirements concerning

device dimensions and performance, many dry etching processes require optimization

through the appropriate choice of working gas and input process conditions. In this

framework, an understanding of the plasma chemistry mechanisms involved in various gas

systems is important for future progress in the dry etching technology. Until now, there

were enough experimental and modeling studies focused on pure CF4, CF4 ? Ar and

CF4 ? O2 low pressure (p\ 50 mTorr) plasmas [6–16]. These works contain the results of

plasma diagnostics by Langmuir probes [6, 7, 10–13], the measurements of the neutral

species densities (absorption spectroscopy, optical emission actinometry, mass-spectrom-

etry) [7–9, 13, 16] as well as provide the well-adjusted kinetic schemes determining the

steady-state plasma parameters and composition [6, 8, 10, 12–15]. Thought the available

data show some disagreements due to different input process conditions and types of

plasma reactors, the key features of the CF4 ? Ar and CF4 ? O2 plasma chemistries can

briefly be summarized as follows:

• The dilution of CF4 by Ar at constant pressure and input power has no principal

influence on the kinetics of neutral species (except the weak increase in the CF4
dissociation degree due to an increase in electron density [10–12]), so the densities of F

atoms and CFx radicals decrease monotonically toward Ar-rich plasmas. Another

important thing is a growth of positive ion density (due to a decrease in plasma

electronegativity that lowers the decay rate of positive ions in ion–ion recombination

process) as well as of their flux together with Ar fraction in a feed gas. This accelerates

the physical etching pathway for both target material and FC polymer film.

• The dilution of CF4 by O2 at constant pressure and input power results in the rapidly

decreasing densities of CFx radicals as well as in the non-monotonic behavior of the F

atom density which exhibits a maximum at 20–40% O2 [13–15]. Most authors

reasonably attribute this effect to both stepwise dissociation of the CFx species due to

their interaction with oxygen atoms and the consequent chemical reactions involving

the CFxO products [14, 15].

When analyzing the existing works, one can conclude that modern plasma etching

technology involves three- or more component gas mixture, for example CF4 ? O2 ? Ar.

The ternary gas systems provide more pathways for the changes in gas mixing ratios in

order to obtain the optimal process conditions. Particularly, one can fix the fraction of one

component and change the mixing ratios for the remaining two ones. It is clear that, since

the composition of the feed gas is different compared with the simple CF4 ? O2 mixture,

some principal differences in plasma parameters (through the electron energy distribution

function and mean electron energy) and densities of plasma active species can take place.

Earlier, Kimura and Hanaki [17] have reported the experimental study of CF4 ? O2 ? Ar

plasma with variable CF4 fractions in a feed gas. They found that the behaviors of plasma

parameters and F atoms density versus CF4/O2 gas mixing ratio at constant Ar fraction are

quite similar to those obtained for the CF4 ? O2 plasma. However, they did not provide

analysis of plasma chemistry in order to understand the differences between the binary and

ternary gas systems. In our previous works have dealt with CF4 ? O2 ? Ar plasma

[18, 19], it was found that the variation in Ar/O2 mixing ratio at constant CF4 fraction

causes the different changes of plasma parameters compared with Ref. [13–15, 17] as well

as does not result in the non-monotonic behavior of F atoms density. Unfortunately, the

data of Refs. [17–19] cannot be compared directly and/or analyzed in a comparative scale
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because of different input process conditions, reactor types and geometries. Another

important thing is that all mentioned studies were mainly focused on bulk plasma char-

acteristics and thus, did not provide enough information on the possible impacts of CF4/O2

and Ar/O2 mixing ratios on the dry etching kinetics. Such situation retards the optimization

of the dry etching technologies with using the CF4 ? O2 ? Ar plasma.

The goal of this work was the study of CF4 ? O2 ? Ar inductively coupled plasma

under the fixed set of operating conditions (gas pressure, input power and bias power), but

in two different gas mixing regimes assumed the change in CF4/O2 or Ar/O2 mixing ratio.

In other words, we would like to demonstrate the ability of CF4 ? O2 ? Ar gas system to

adjust the plasma parameters and composition using the gas mixing ratios only. For this

purpose, we applied the previously used research scheme based on plasma diagnostics by

Langmuir probes and 0-dimensional plasma modeling [18]. The main attention was

focused on the comparative analysis of the parameters which directly determine the dry

etching mechanisms: ion energy flux, F atom flux, ion energy flux, F atom flux, poly-

merizing species (CF2 and CF) flux as well as various flux-to-flux ratios illustrating the

changes in the etching/polymerization balance. We also performed the analysis of the

formation-decay kinetics for neutral species in order to explain the obtained phenomena.

Experimental and Modeling Details

Experimental Setup and Plasma Diagnostics

The experiments were performed in planar inductively coupled plasma (ICP) reactor [20].

The reactor had a cylindrical (r = 15 cm) chamber made from the anodized aluminum.

The 5-turns copper coil with a diameter of 29 cm was connected to the 13.56 MHz power

supply and located above the 10 mm thick-horizontal quartz window on the top side of the

chamber. A distance (l) between the window and the bottom electrode used as a substrate

holder was 12.8 cm. The bottom electrode was connected to 12.56 MHz power supply to

maintain a negative dc bias voltage (-Udc). The temperature of the bottom electrode was

stabilized at 17 �C using the water-flow cooling system.

All experimental series corresponded to the fixed total gas flow rate (q = 40 sccm), gas

pressure (p = 6 mTorr) and input power (W = 900 W). The input power density W 0 ¼
W=pr2l then became 0.9 W cm-3. In order to imitate actual etching conditions, the bottom

electrode was biased by Wdc = 200 W. The initial CF4 ? O2 ? Ar gas compositions were

set by adjusting the partial flow rates. In one experimental series, the CF4 flow rate was

fixed at 20 sccm while the flow rates of the O2 and Ar were variably set to a combined total

of qO2
þ qAr = 20 sccm. Therefore the fraction of CF4 (yCF4

¼ qCF4
=q) in the feed gas was

always 0.5, and the remaining half gas mixture was composed of various amounts of Ar

and O2. Another experimental series assumed the constant flow rate for Ar (qAr = 20 -

sccm) as well as the variable flow rates for CF4 and O2, so that qO2
þ qCF4

= 20 sccm. In

this case, the fraction of Ar (yAr = qAr/q) in the feed gas was always 0.5, and the remaining

half gas mixture was composed of various amounts of CF4 and O2.

The plasma parameters were determined by a double Langmuir probe (LP), (DLP2000,

Plasmart Inc.). The probe tip was installed through a hole in the sidewall of the chamber,

5.7 cm above the bottom electrode and centered in a radial direction. The output data were

the electron temperature (Te), ion current density (J?), floating potential (Uf), and total

positive ion density (n?). The treatment of the I–V curves was based on Johnson and

Plasma Chem Plasma Process (2017) 37:1445–1462 1447

123



Malter’s double probe theory [21] and the Allen–Boyd–Reynolds (ABR) approximation

for the ion saturation current density [22]. These assume Jþ � 0:61 enþt, where t is the ion
Bohm velocity. In our previous studies, it was shown that such an approach can be

reasonably applied even for more electronegative plasmas than those used in this study

[23, 24]. The effective ion mass needed to determine t was evaluated simply through the

mole fractions of the corresponding neutral species. In order to exclude the influence of the

FC polymer film on the LP results, we conducted a set of preliminary experiments, where

the I�V curves were recorded continuously at fixed-feed gas composition and operating

parameters. Even for the non-oxygenated 50% CF4 ? 50% Ar plasma, the differences

between the results of such measurements did not exceed the standard experimental error

for a period of at least 10 min after the plasma was turned on. Also, throughout the main

experimental procedure, the probe tip was cleaned in 50% Ar ? 50% O2 plasma before

and after each measurement.

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 nþ as input

parameters [23, 24]. Similarly to our previous works [18, 19], the model was based on the

well-adjusted reaction scheme (see Table 1) and used the following assumptions:

1. The electron energy distribution function (EEDF) is quite close to Maxwellian one.

The applicability of Maxwellian EEDFs for the description of the electron-impact

kinetics for CF4-based low-pressure (p\ 50 mTorr) ICPs has been confirmed in many

works by reasonable agreements between the measured and model-predicted plasma

parameters [12–14]. Also, Kimura et al. [13] reported that the experimentally

determined EEDFs in CF4 plasma at p\ 20 mTorr had the almost Maxwellian shapes.

The postulation of Maxwellian EEDF allows one to obtain the rate coefficients for the

electron-impact processes (R1–R17) as functions of Te in a form of k ¼
ATB

e exp �C=Teð Þ [13, 14].
2. The half-diluted CF4 gas does not form a continuous FC polymer film on the chamber

walls under plasma conditions [4, 25]. This allows one to describe the heterogeneous

chemistry of atoms (F, C, O) and radicals (CF3, CF2, CF) in terms of the conventional

first-order recombination kinetics. The rate coefficients for the heterogeneous loss of

these species (R51–R56) can be evaluated as kS � ctT=K, where K ¼

2:405=rð Þ2þ p=lð Þ2
h i�1=2

is the diffusion length [5], tT = (8kBTgas/pm)
1/2, and c is

the recombination probability. The recombination probabilities for F (cF & 0.02), CF3
(cCF3

& 0.05), CF2 (cCF2
& 0.1) and CF (cCF & 0.1) species were taken from the

modeling works [12, 13, 26] where these were adjusted in order to obtain the

agreement between the measured and model-predicted densities of F atoms and CF2
radicals in CF4- and C4F8-based plasmas. All reaction pathways between the adsorbed

(marked by the ‘‘s’’ index) and gaseous species inside R51–R56 were assumed to have

equal probabilities of occurrence.

3. The temperature of the neutral ground-state species (gas temperature, Tgas) is

independent of the feed gas composition [18, 19]. Since experimental data on Tgas
were not available during this study, we took 600 K as the typical value for close

ranges of p and W0 in ICP etching reactors with similar geometry [18, 19, 23, 24].
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Accordingly, the rate coefficients for R18–R50 were taken from the NIST chemical

kinetics database [27] for Tgas = 600 K.

4. For the given range of operating parameters, the formation of CxFy species with x[ 1

may be neglected due to their low densities and negligible influence on the overall

reaction balance [23].

The steady-state electron density (ne) was calculated using the simultaneous solution of

the chemical kinetic equation for negative ions and the quasi-neutrality condition

nþ ¼ ne þ n�. When neglecting the loss of negative ions on reactor walls [5], their kinetic

equation for the given gas system may be written as

kda;CF4
nCF4

þ kda;F2
nF2

þ kda;O2
nO2

� �
ne � kiinþn� ð1Þ

where kda is the dissociative attachment rate coefficients for corresponding species, n- is

the density of negative ions, and kii & 1 9 10-7 cm3 s-1 is the rate coefficient for ion–ion

recombination. Accordingly, the left-hand side of Eq. (1) represents the total formation

rate for negative ions while the right-hand side is their total decay rate in bulk plasma.

These allow one to obtain

ne �
kiin

2
þ

mda þ kiinþ
ð2Þ

where mda � kda;CF4
nCF4

þ kda;F2
nF2

þ kda;O2
nO2

is the total frequency of dissociative

attachment. The rate coefficients kda were taken from Refs. [13, 14].

The steady-state densities for neutral species were obtained from the system of chemical

kinetics equations in the general form of RF � RD ¼ ks þ 1=sRð Þn, where RF and RD are

the volume-averaged formation and decay rates in bulk plasma for a given type of species,

n is their density, sR = (1/p0)pr
2lp/q is the residence time and p0 = 101,325 Pa is the gas

pressure corresponding to standard conditions. The fluxes of F atoms (CF), O atoms (CO)

and polymerizing radicals (Cpol ¼ CCF þ CCF2
) to the etched surface were calculated in

one and the same manner as C � 0:25n
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kBTgas=pm

p
. The total flux of positive ions was

simply evaluated as Cþ � Jþ=e. The applicability of both modeling algorithm and reaction

schemes for the given range of process conditions have been confirmed in our previous

works [18, 19] by the decent agreement between model-predicted and measured densities

for F atoms and CF2 radicals.

Results and Discussion

When the fluorocarbon-based plasmas are used for the etching process, the changes of the

etching rate versus operating parameters depend on two main factors, and namely on (1)

the fluxes of plasma active species (chemically active neutrals, energetic ions) and (2) the

steady-state structure and thickness of the deposited FC polymer film [4, 5]. According to

Refs. [28, 29], the growth of the FC polymer on the etched surface is mainly provided by

the fluorocarbon radicals with more than one free bonds while both oxygen atoms and

positive ions etch the FC polymer film by chemical and physical pathways, respectively.

Therefore, the species of principal interest which determine the dry etching mechanisms in

CF4 ? O2 ? Ar plasma are F atoms, O atoms, CFx (x = 1, 2) radicals and positive ions.

Figures 1 and 2 represent measured and model-predicted plasma parameters and den-

sities of charged species as functions of CF4/O2 and Ar/O2 gas mixing ratios in
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CF4 ? O2 ? Ar gas mixture. From Fig. 1, it can be seen that the substitution of Ar for O2

at yCF4
= const results in decreasing both Te (3.6–3.4 eV for 0–50% O2) and J? (1.5–

1.3 mA cm-2 for 0–50% O2) that corresponds to n? = 5.7 9 1010–4.4 9 1010 cm-3.

Oppositely, the substitution of CF4 for O2 at yAr = const causes an increase in electron

temperature (Te = 3.6–4.6 eV for 0–50% O2) and ion current density (J? = 1.5–

2.3 mA cm-2 for 0–50% O2). Accordingly, an increase in J? provides the same behavior

of total positive ion density (n? = 5.7 9 1010–6.2 9 1010 cm-3 for 0–50% O2). In both
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temperature (1, 2) and ion current
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plasma as functions of both O2/
Ar mixing ratio at yCF4
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(1, 3) and CF4/O2 mixing ratio at
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cases, the model-predicted electron density follows the behavior n? and changes as

4.4 9 1010–2.8 9 1010 cm-3 for 0–50% O2 at yCF4
= const and 4.4 9 1010–

5.1 9 1010 cm-3 for 0–50% O2 at yAr = const (Fig. 2). From Fig. 2, it can be seen also

that the total density of negative ions in the case of yCF4
= const monotonically increases

in the range of 1.3 9 1010–1.6 9 1010 cm-3 for 0–50% O2 that provides n-/

ne = 0.28–0.58. At the same time, the change in CF4/O2 mixing ratio at yAr = const

slightly lowers both n- (1.3 9 1010–1.1 9 1010 cm-3 for 0–50% O2) and n-/ne (0.28–0.23

for 0–50% O2). The analysis of these data allows one to explain the differences in plasma

parameters influencing the kinetics of electron impact reactions in given gas systems as

follows:

• The behavior of Te is determined by the changes in the electron energy losses in

inelastic collisions with plasma species. The substitution of Ar by O2 at yCF4
= const

increases the overall electron energy loss because the molecular gas has more

excitation pathways than the noble one. Really, the first excitation potential for Ar

atoms is *11.6 eV while the O2 molecules provide the continuous election energy loss

starting from *0.2 eV [5, 6, 13]. The last feature is provided by the vibrational

excitation of ground-state O2 (eth = 0.16 eV, where eth is the threshold energy) as well

by the formation of metastable electronically excited states O2(a
1D) with eth = 0.98 eV

and O2(b
1R) with eth = 1.64 eV [30]. Oppositely, an increase in O2 fraction at

yAr = const decreases the overall electron energy loss for vibrational and low-threshold

electronic excitations. The reason is that the corresponding cross-sections (and thus, the

partial electron energy losses determined by the parameter ethk, where k is the process

rate coefficient) for CF4-related species are higher compared with those for O2

molecules [30, 31].

• The behavior of ne (and thus, of n? and n- with accounting for the quasi-neutrality

condition) is determined by the change in the formation-decay balance for charged

species. Particularly, Fig. 3 shows the influence of CF4/O2 and Ar/O2 mixing ratios on

the ionization frequencies for dominant neutral species (miz) determines as the

multiplications of their densities and corresponding ionization rate coefficients (kiz)

[12, 13, 17]. In the non-oxygenated 50% CF4 ? 50% Ar plasma, the main contribution

to the total ionization rate belongs to ground-state Ar atoms. Such situation appears due

to kiz,Ar[ kiz;CF4
(*6.9 9 10-10 cm3 s-1 and *3.3 9 10-10 cm3 s-1, respectively, at

Te = 3.6 eV). Since the values of kiz are highly sensitive to electron temperature (due

to eiz & 12–15 eV[ (3/2)Te, where eiz is the threshold energy for ionization [5, 16],

and (3/2)Te is the mean electron energy), the change in Te (and thus, in gas mixing

ratios) noticeably influences the ionization efficiency in both gas systems. The

substitution of Ar for O2 at yCF4
= const lowers both kiz,Ar and nAr while a decrease in

miz,Ar is not compensated by the impacts from the oxygen-containing species (Fig. 3a).

Therefore, the change in Ar/O2 mixing ratio toward more oxygenated plasmas

suppresses the ionization (total miz = 4.3 9 104–2.0 9 104 s-1, and mizne =
1.9 9 1015–5.6 9 1014 cm-3 s-1 for 0–50% O2) and thus, lowers the formation rates

for both electrons and positive ions. Simultaneously, the substitution of the

electropositive component for the electronegative one increases the formation rate

for negative ions, lifts up plasma electronegativity as well as accelerates decay of

positive ions and electrons in bulk plasma. In the case of yAr = const, one can obtain an

opposite situation. An increasing O2 fraction in a feed gas lifts up the total ionization

frequency through both increasing miz,Ar (kiz,Ar = 6.9 9 10-10–2.2 9 10-9 cm3 s-1 for

0–50% O2) and the noticeable contribution from miz;O2
at yO2

[ 40% (Fig. 3b). The last
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effect is provided by the condition kiz;O2
[ kiz;CF4

due to the corresponding differences

in their ionization cross-sections [31, 32]. As a result, one can obtain a monotonic

increase in both total ionization frequency (4.3 9 104–1.1 9 105 s-1 for 0–50% O2)

and ionization rate (1.9 9 1015–5.7 9 1015 cm-3 s-1 for 0–50% O2). Simultaneously,

the lower electronegativity of O2 (kda;O2
= 2.3 9 10-11–3.4 9 10-11 cm3 s-1 for 0–

50% O2) compared with CF4 (kda;CF4
= 3.9 9 10-11–4.2 9 10-11 cm3 s-1 for 0–50%

O2) provides the weak monotonic decrease in both formation rate and density of

negative ions. This slightly reduces the decay rates of both electrons and positive ions

through dissociative attachment and ion–ion recombination, respectively.

Figures 4 and 5 illustrate kinetics and densities in neutral species in CF4 ? O2 ? Ar

plasmas with various CF4/O2 and Ar/O2 gas mixing ratios. As can be seen from Fig. 4, in

the non-oxygenated 50% CF4 ? 50% Ar plasma, the main source of F atoms are the

electron-impact dissociations of CF4 (R1, R3) and CF3 (R5). These processes constitute

approximately 85% of the total F atom formation rate while the contribution from the CF2
and CF radicals through R6 and R8 does not exceed 5%. The remaining 10% comes from

R9, which is supported by the high F ? F2 recombination rate on the reactor walls in R51.

Accordingly, the decay of F atoms is mainly caused by their heterogeneous recombination

in R51–R55 while the rate of the fastest bulk process R24 is about 10 times less.

The substitution of Ar for O2 at yCF4
= const noticeably reduces the rates of R1, R3 and

R5 even in the low-oxygenated (yO2
\ yAr) gas mixtures (Fig. 4a) due to the simultaneous

decrease in ne, nCF4
(3.5 9 1013–1.9 9 1013 cm-3 for 0–12% O2), and nCF3

(5.2 9 1012–
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1.9 9 1012 cm-3 for 0–12% O2) (Fig. 5a). The density of CF3 radicals decreases because

of their decomposition in R25, R26, R40 and R41 with the participation of O, O(1D), and

CFO. The behavior of nCF4
follows that of nCF3

because the latter represent the main source

of CF4 molecules in the plasma chemical reactions. At the same time, the addition of O2

introduces new channels for the formation of F atoms involving CFO (R16) and CF2O

(R17), while also accelerating R9. The high formation rate for the CFO species is provided

by R17 and R50, while CF2O is effectively formed in R41, R46 and R47. The acceleration

of R9 is due to the rapidly increasing F2 density (nF2
= 9.2 9 1011–9.0 9 1012 cm-3 for

0–12% O2) because of the formation of these species in R48 and heterogeneous recom-

bination of F atoms. As a result, the total F atom formation rate increases compared with

the 50% CF4 ? 50% Ar plasma, which causes an increase in F atom density

(nF = 5.8 9 1012–2.6 9 1013 cm-3 for 0–12% O2). The transition to the high-oxygenated

(yO2
[ yAr) gas mixtures maintains all the previously mentioned tendencies for reaction

rates while also introducing additional mechanisms for the formation of F atoms. Partic-

ularly, the electron impact dissociation rate of the FO species (R15) reaches the levels of

R16 and R17, and the total effect of R15–R17 becomes greater than the sum of R1, R3 and

R5. The high formation rate and density of FO molecules (8.2 9 1010–6.3 9 1012 cm-3

for 12–50% O2) are provided mainly by R22 and the heterogeneous interaction between F

and O atoms in R51 and R56. Additionally, the rates of the atom-molecular processes R22,

R36–R38 and R44 increase together with the increasing O2 content in the feed gas and,
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finally, appear to be comparable with R15–R17. Therefore, the substitution of Ar for O2 at

yCF4
= const provides a continuous increase in the F atom formation rate (Fig. 4a) and

thus, the F atom density (Fig. 5a).

The substitution of CF4 for O2 at yAr = const is escorted by the decreasing amount of

CF4 in a feed gas and thus, results in much faster decrease in the rates of R1, R3 and R5

(Fig. 4b) as well as in deeper falls in the densities of fluorocarbon radicals (Fig. 5b).

However, until the condition yO2
\ yCF4

is valid, the kinetics of F atoms is quite similar to

the described above. Here, and increase in F atom formation rate and density is provided by

the rapidly increasing rates of R15–R17 and R36 with a participation of FO, CFO and

CF2O. At one and the same yO2
, the densities of these species appears to be noticeably

higher than in previous case because of the higher densities of both O and O(1D). The last

effect is connected with the higher formation rate for oxygen atoms in R10, R11 and R14

due to increasing ne as well as with their lower consumption in R25, R26, R28 and R29. At

the same time, the transition to the high-oxygenated (yO2
[ yCF4

) gas mixtures changes the

situation due to the lack of fluorine-containing species. Particularly, the deep decrease in

nCF, nCF2
and nCF3

limits the formation of CFO and CF2O species through both volume

(R40, R41, R50) and heterogeneous (R53, R54, R56) processes. That is why the rates of

R15–R17 and R44 exhibit a maximum at about 25–30% O2. Simultaneously, an increasing

consumption of F2 in R22 limits the formation of F atoms through R9 which also losses an

increasing tendency after 25% O2. Since R22 represents the sufficient source of FO, the

maximums on the density of these species as well as on the rates of R36–R38 are shifted
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toward more oxygenated plasmas and appear at about 35% O2. All these result in the non-

monotonic changes in both total F atom formation rate (Fig. 4b) and F atom density

(Fig. 5b). In fact, the difference between CF4 ? O2 ? Ar with yAr = const and binary

CF4 ? O2 plasmas under one and the same operating conditions is only in the absolute

values of species densities due to the different values of Te and ne in the presence of Ar.

From Fig. 5, it can be understood also that the highest values of F atom density, nF
max, in the

gas systems with yCF4
= const and yAr = const are different and obtained at different

fractions of O2 in a feed gas. Particularly, when the substitution of Ar for O2 at

yCF4
= const takes place, nF

max = 4.9 9 1013 cm-3 at 50% O2. At the same time, the

substitution of CF4 for O2 at yAr = const results in nF
max = 3.1 9 1013 cm-3 at 25% O2.

The remarkable thing is that, in both cases, nF
max corresponds to yO2

& yCF4
. This is

because the near-to-equal amounts of CF4 and O2 in a feed gas provide the best conditions

for both homogeneous and heterogeneous reactions between their dissociation products.

Since the most of dry etching processes in fluorocarbon-based plasmas are provided by

the ion-assisted chemical reaction [3–5], the issue of key interest is to compare how the

changes in CF4/O2 and Ar/O2 mixing ratios influence physical and chemical etching

pathways. In the case if the chemical etching pathway is driven by F atoms, the rate of

heterogeneous chemical reaction may be taken as cRCF [33–35], where CF is the flux of

fluorine atoms, and cR is the reaction probability. Then, assuming cR & const at constant

0.0 0.1 0.2 0.3 0.4 0.5
1013

1014

1015

1016

1017

1018

0.0 0.1 0.2 0.3 0.4 0.5

 F/pol 

 O/pol 

 ions/pol 

 O 
 pol 

N
eu

tra
l f

lu
x 

[c
m

-2
s-1

]

 F 

 O 

 pol 

 F 

O2 fraction in CF4+O2+Ar

10-2

10-1

100

101

102

103

104

 O/pol 

 ions/pol 

 F/pol 

Fl
ux

 ra
tio

s

(a) (b)

Fig. 6 Model-predicted fluxes (solid lines) and flux-to-flux ratios (dashed lines) in CF4 ? O2 ? Ar plasma:
a as functions of O2/Ar mixing ratio at yCF4

= const; b as functions of CF4/O2 mixing ratio at yAr = const.
The label ‘‘ions’’ means the total positive ion flux while the label ‘‘pol’’ relates to the flux of polymerizing
radicals

1458 Plasma Chem Plasma Process (2017) 37:1445–1462

123



surface temperature, the changes in the chemical etching pathway with variations of CF4/

O2 and Ar/O2 mixing ratios may be characterized by the changes in CF only. The data of

Fig. 6 indicate that the fluxes of F atoms follow the behaviors of theirs densities and show

the same differences with increasing fraction of O2 in a feed gas. Accordingly, taking in

mind the points corresponding to nF
max, one can say that the CF4 ? O2 ? Ar plasma with

yCF4
= const provides by*60% higher efficiency of the chemical etching pathway for one

and the same etched material. The role of ion bombardment in the CF4 ? O2 ? Ar plasma

may include the sputtering of the native surface atoms, the ion-stimulated desorption of

low-volatility reaction products, and the destruction of the FC polymer film. From pub-

lished works [27, 33–36], it can be understood that the rate of any mentioned physical

etching pathway is given by YSCþ, where YS is the ion-type-averaged sputtering yield. For

the ion bombardment energy ei\ 500 eV, one can assume YS to be proportional to the

energy transferred by the incident ion to the surface atom [28]. Therefore, the efficiency of

the physical etching pathway can be characterized by the ion energy flux eiCþ, where
ei & e| - Uf - Udc|, and Uf is the floating potential. The data of Fig. 7 shows that the

substitution of Ar for O2 at yCF4
= const results in increasing -Udc in the range of 137–

153 V. The increasing ei compensates for the fall of Cþ (9.0 9 1015–8.1 9 1015 cm-2 s-1

for 0–50% O2), so that the parameter eiCþ keeps a near-to-constant value

(*1.3 9 1018 eV cm-2 s- for 0–50% O2). As such, the Ar/O2 mixing ratio has no

noticeable influence on the efficiency of the physical etching pathway. The substitution of

CF4 for O2 at yAr = const causes the slightly decreasing -Udc = 137–125 V for 0–50%
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O2. This effect does not overcompensate an increasing tendency of Cþ (9.0 9 1015–

1.4 9 1016 cm-2 s-1 for 0–50% O2), so that the parameter eiCþ also increases in the range

of 1.3 9 1018–1.8 9 1018 eV cm-2 s-1, or by 1.5 times. Therefore, one can obtain the

intensification of the physical etching pathway in more oxygenated gas mixtures. The

difference in eiCþ between the gas systems with yCF4
= const and yAr = const increases

together with yO2
and reaches *1.4 times at 50% O2 (Fig. 6). However, in the points

corresponding to nF
max such difference appears to be less than 15%. In fact, this means the

near-to-equal efficiencies of the physical etching pathways in both gas systems.

Another important thing is to compare the parameters, which determine the formation

and destruction kinetics for the FC polymer film. From Fig. 7, it can be seen that the gas

systems with yCF4
= const and yAr = const exhibit the similar monotonic decrease in the

fluxes of polymerizing radicals toward more oxygenated plasmas. Such effects are pro-

vided by the decreasing densities of both CF2 and CF shown in Fig. 5. The main quan-

titative differences in Cpol appear after 40% O2 where in the case of yAr = const this

parameters falls down to zero. In the points corresponding to nF
max, the flux of polymerizing

radicals resulted from the variation of CF4/O2 mixing ratio appears to be about 7 times

higher compared then that obtained by the change in Ar/O2 mixing ratio

(Cpol = 8.2 9 1013 cm-2 s-1 for 50% O2 at yCF4
= const and 6.4 9 1014 cm-2 s-1 for

25% O2 at yAr = const). At the same time, the higher value of Cpol in the CF4 ? O2 ? Ar

gas system with variable CF4/O2 mixing ratio does not mean directly the higher poly-

merizing ability. Earlier, it was found that the FC polymer film growths better in the

fluorine-poor plasmas. In such conditions, the polymer surface is composed by the less

saturated fluorocarbon groups and thus, appears to be more reactive for the radicals coming

from the bulk plasma [29, 37]. That is why the more relevant parameter for evaluation of

polymerizing ability in fluorocarbon-based plasmas is the CF=Cpol ratio. From Fig. 6, it can

be seen that the CF4 ? O2 ? Ar gas system with variable Ar/O2 mixing ratio shows the

systematically higher CF=Cpol ratios in the range of 0–50% O2 while in the points cor-

responding to nF
max the difference between two gas systems reaches an order of magnitude

(CF=Cpol = 13,000 for 50% O2 at yCF4
= const and 1100 for 25% O2 at yAr = const).

Therefore, when the composition of CF4 ? O2 ? Ar gas system is optimized for obtaining

the highest F atom density, the variation of Ar/O2 mixing ratio at yCF4
= const simulta-

neously provides the much worse conditions for the deposition of the FC polymer film.

However, the FC film thickness (and thus, the FC film effect on the etching kinetics)

depends not only on the deposition rate, but also on the rates of FC film destruction through

both etching by O atoms and physical sputtering. In our opinion, the FC film formation/

destruction balance by chemical and physical pathways may be characterized by CO=Cpol

and Cþ=Cpol ratios, respectively. The data of Fig. 6 allow one to conclude that an increase

in O2 fraction in a feed gas always shifts the FC film formation/destruction balance toward

the destruction. Again, taking in mind the points corresponding to nF
max, one can see that

variation of Ar/O2 mixing ratio at yCF4
= const provides the higher CO=Cpol (795 for 50%

O2 at yCF4
= const vs. 111 for 25% O2 at yAr = const) and Cþ=Cpol (98 for 50% O2 at

yCF4
= const vs. 18 for 25% O2 at yAr = const) ratios and thus, better suppresses the

polymerization. Therefore, one can definitely conclude that the CF4 ? O2 ? Ar gas sys-

tem with yCF4
= const gives the ability to combine the higher F atom density together with

lower amount of FC polymer on the etched surface. Probably, such feature may be useful

for the optimization of the etching processes where the key issues are the maximum

etching rate and the minimum etching residues.
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Conclusion

In this work, we investigated how the changes of CF4/O2 (at constant fraction of Ar) and

Ar/O2 (at constant fraction of CF4) mixing ratios in the three-component CF4 ? O2 ? Ar

gas mixture influence plasma parameters (electron temperature, electron and total positive

ion densities, ion energy flux, densities and fluxes of neutral species) determining the dry

etching kinetics. The investigation combined plasma diagnostics by Langmuir probes and

zero-dimensional plasma modeling. It was shown that the variations of CF4/O2 and Ar/O2

mixing ratios at constant fractions of corresponding third component have the opposite

effects on Te, ne and n? due to different changes in the electron energy loss channels and

formation-decay kinetics for charged species. It was found also that the substitution of CF4
for O2 produces the non-monotonic (with a maximum at 25% O2) changes in both F atom

density and flux. At the same time, the substitution of Ar for O2 causes the monotonic

growth of these parameters as well as provides their higher values under one and the same

operating conditions. Being optimized to highest nF, both gas systems are characterized by

the quite close ion energy fluxes and thus, have no principal differences in the efficiencies

of physical etching pathway. However, the variation of Ar/O2 mixing ratio at constant

fraction of CF4 better suppresses the polymerization and thus, allows one to obtain lower

amount of FC polymer on the etched surface.
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