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Abstract: This research work deals with the comparative study of C6F12O + Ar and CF4 + Ar gas
chemistries in respect to Si and SiO2 reactive-ion etching processes in a low power regime. Despite
uncertain applicability of C6F12O as the fluorine-containing etchant gas, it is interesting because of
the liquid (at room temperature) nature and weaker environmental impact (lower global warming
potential). The combination of several experimental techniques (double Langmuir probe, optical
emission spectroscopy, X-ray photoelectron spectroscopy) allowed one (a) to compare performances
of given gas systems in respect to the reactive-ion etching of Si and SiO2; and (b) to associate the
features of corresponding etching kinetics with those for gas-phase plasma parameters. It was found
that both gas systems exhibit (a) similar changes in ion energy flux and F atom flux with variations on
input RF power and gas pressure; (b) quite close polymerization abilities; and (c) identical behaviors
of Si and SiO2 etching rates, as determined by the neutral-flux-limited regime of ion-assisted chemical
reaction. Principal features of C6F12O + Ar plasma are only lower absolute etching rates (mainly due
to the lower density and flux of F atoms) as well as some limitations in SiO2/Si etching selectivity.

Keywords: global warming potential; C6F12O-containing plasma; Si and SiO2 etching rates; plasma
diagnostics; reaction kinetics; polymerization

1. Introduction

Recently, silicon-based electronics still play the leading role in the worldwide produc-
tion of integrated electronic circuits. The main materials composing such devices are the
silicon itself as well as the silicon dioxide that mostly appears as a rather thin functional
layer on the Si substrate [1–3]. The latter found numerous applications as gate insulator in
various field-effect devices, spacer dielectric, passivating coating, and hard masks featured
by the high stability in respect to aggressive etchant environments [1,3–5]. Obviously, as
most of the devices have complicated multi-layer structures, the corresponding fabrication
process needs the precision patterning of both Si and SiO2 materials. Recently, strong
requirements to devise both dimension and performance are satisfied by the “dry” etching
techniques, and namely by the reactive-ion etching (RIE) method [4,5]. The main feature
of RIE is the simultaneous action of two parallel etching mechanisms, such as physical
sputtering and ion-assisted chemical reaction [5,6]. This provides the effective adjustment
of output process characteristics (etching rate, etching profile, selectivity in respect to mask
and/or under-layer material, etching residues, surface roughness, etc.) by an appropriate
choice of working gas and processing conditions [2–5].

The widely-used gases for reactive-ion etching of all silicon-based materials are fluo-
rocarbon compounds with a general formula of CxHyFz mixed with Ar and/or O2 [4–6].
Accordingly, there were many experimental studies (for example, Refs. [7–17] and earlier
ones included in monographs [1–4]) reported on RIE kinetics and mechanisms for Si and
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SiO2 in various fluorocarbon gas plasmas, including CF4-based gas mixtures. The most
important findings may be summarized as follows:

(1) The dominant role in the chemical etching pathway for Si and SiO2 under typical
RIE conditions (p < 50 mTorr, ion bombardment energy ~200–400 eV) belongs to F
atoms [5]. Fluorocarbon gases with z/x < 3 (where z and x are coefficients in the
CxHyFz formula) exhibit high polymerization ability that results in the deposition
of fluorocarbon polymer film on the treated surface. This lowers absolute etching
rates but results in the highly-anisotropic etching of silicon (due to the passivation
of side walls by the fluorocarbon polymer layer) as well as in advanced SiO2/Si
etching selectivity (due to different thicknesses of polymer films on oxygen-free and
oxygen-containing surfaces) [8,9,11].

(2) Both etching and polymerization kinetics may be effectively adjusted by mixing of
fluorocarbon gas with Ar and/or O2 [10,13–16]. Corresponding mechanisms do work
through changes in both gas-phase chemistry (formation/decay balance for F atoms
and polymerizing radicals) [5,17] and heterogeneous processes kinetics (physical and
chemical decomposition of the fluorocarbon polymer film) [14–17].

(3) The chemical interaction of F atoms with Si and SiO2 exhibits different mechanisms
and thus, may be controlled by different limiting stages. In the case of Si, spontaneous
chemical reaction mostly produces the high volatile SiF4 [4,5]. That is why the Si +
F reaction rate in non- or low-polymerizing plasmas is characterized by low sensi-
tivity to the intensity of ion bombardment as well as exhibits the nearly exponential
dependence on surface temperature [2,3]. Oppositely, the SiO2 + F reaction has the
sufficient threshold energy (as the Si-O bond of ~799 kJ/mol is stronger than the
Si-F of ~552 kJ/mol [18]) and occurs only as the ion-assisted process. The role of
ion bombardment includes the production of adsorption sites for F atoms and the
sputtering of low volatile non-saturated SiFx compounds [5,7]. At the same time, ion
energies above ~200 eV are generally enough to provide the reaction-rate-limited
etching regime controlled by the F atom flux [7,19].

The serious problem of all fluorocarbon gases used for Si and SiO2 RIE processes
is their destructive effect on the ozone layer and thus, high global warming potentials
(GWP). For example, the GWP index for CF4 is over 5000 [20,21] which means its global
warming impact is much higher compared with CO2. The increasing attention to the
environmental pollution issue has motivated intensive studies of eco-friendly dry etch-
ing processes [22,23]. Particularly, it was suggested to substitute conventional process
chemistries based on high-GWP fluorocarbon gases for alternate ones with lower environ-
mental impacts [24,25]. One of the possible candidates here is the dodecafluorooxepane
(C6F12O) which exhibits low GWP index of 1, has the extremely low toxicity, as well as is
featured by the boiling point above the room temperature [26]. Obviously, the last property
provides the much easier trapping of remaining gas from the output gas flow compared
with conventional gaseous fluorocarbons as well as promotes its recovery procedure. In our
previous work [27], we investigated C6F12O and CHF3 as additive components in the CF4
+ O2 gas mixture in respect to the SiON etching process. In these experiments, the CF4 was
subsequently substituted for one of the above gases, and the SiON etching characteristics
were compared. According to this work, most important differences between CHF3 and
C6F12O gases are that the latter (a) provides lower absolute etching rate together with
higher etching selectivity over Si; (b) exhibits a bit lower increase in the polymerizing
ability; and (c) produces more vertical sidewalls. At the same time, it is clear that the above
study has some limitations in respect to both completeness and usability of corresponding
data. First, the main focus of Ref. [27] was to compare C6F12O with CHF3, but not with
CF4. At the same time, the latter is also the widely-used high-GWP gas which is waiting
for an adequate low-GWP replacement. Even if this work illustrates some correlations be-
tween etching performances of C6F12O and CF4, these always correspond to O2-containing
gas mixtures and cover only one combination of gas pressure and input power. Since
the presence of oxygen sufficiently influences plasma parameters and densities of active
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species in fluorocarbon gas plasmas [5,15,17], these data say nothing about key properties
of pure C6F12O and CF4 gases. Obviously, such situation does not help to understand
features of corresponding etching processes in oxygen-free gas systems. Second, Ref. [27]
mainly discussed the etching characteristics for SiON, but not for the widely used Si and
SiO2. At the same time, the SiO2/Si etching selectivity is the quite important parameter for
many etching processes [1–3]. Thirdly, Ref. [27] has a rather phenomenological nature and
thus, did not discuss differences between two gas systems in the light of gas-phase plasma
parameters and plasma chemistry. Such a situation in some extent lowers the significance
of corresponding results, since those seem to be valid only for a given combination of pro-
cessing gases and treated materials. Therefore, unknown relationships between processing
conditions, gas-phase plasma parameters, and RIE kinetics do not allow evaluating real
perspectives of C6F12O as an etchant gas for silicon-based materials. Obviously, this retards
the development of environmentally-friendly dry etching technologies.

The main idea of this work was to compare reactive-ion etching performances for
low-GWP C6F12O + Ar and high-GWP CF4 + Ar plasmas in respect to Si and SiO2 with a
focus on effects of gas pressure and input power. When making a decision on gas mixtures,
we wanted to test the C6F12O as the individual chemical etchant as well as to perform
a comparison with the quite simple and the well-studied gas system, such as CF4. The
absence of O2 in both feed gases provides a chance to attribute some specific etching effects
(if those do exist) to the presence of oxygen in the C6F12O molecule. The choice of Ar as an
additive component was because of its wide use in real etching processes in a combination
with fluorocarbon gases [1,2]. The general aims are to stabilize plasma at low pressures, to
minimize polymerization-related effects, as well as to reduce the amount of fluorocarbon
compounds in the output gas flow [3–5]. Accordingly, the main goals were: (1) to analyze
features of corresponding etching processes in terms of etching rate, etching selectivity,
and residues; (2) to study interconnections between processing parameters and gas-phase
plasma characteristics (electron temperature, energy of ion bombardment, densities and
fluxes of plasma active species); and (3) to formulate conclusions on differences and/or
similarities of etching mechanisms for Si and SiO2 in given gas systems. Another important
issue is that we studied the low input power etching regime with ~10 times lower plasma
density compared with the conventional RIE process. As was shown in Refs. [28,29], the
latter provides weaker surface damage due to lower ion flux as well as exhibits more
anisotropic etching because of reduced neutral/charged ratio.

2. Materials and Methods
2.1. Experimental Setup and Procedures

Both etching and plasma diagnostics experiments were performed in the planar induc-
tively coupled plasma (ICP) reactor known from our previous studies [17,30]. Schematic
diagram of reactor chamber with arrangements is shown in Figure 1. Plasma was excited
using the 13.56 MHz power supply while another 13.56 MHz rf generator powered the
bottom electrode in order to control the ion bombardment energy through the bias power
(Wdc). Initial compositions of CF4 + Ar and C6F12O + Ar gas mixtures were set by equal
partial flow rates of component gases within the total flow rate of 40 sccm. As such, each
gas mixture was always composed by 50% of argon and 50% of one of fluorocarbon com-
ponents. Variable processing parameters were the input RF power (W = 200–600 W that
corresponded to the input power density of about 0.02–0.06 W/cm3) and the gas pressure
(p = 4–12 mTorr). In addition, the constant bias power Wdc = 200 W produced the variable
negative dc bias voltage (−Udc), according to the change in positive ion flux. The parameter
−Udc was measured using the high-voltage probe (AMN-CTR, Youngsin-RF Co. Ltd, Seoul,
Korea).

Plasma diagnostics by the double Langmuir probe (DLP2000, Plasmart Inc., Daejeon,
Korea) provided the data on electron temperature (Te) and ion current density (J+). The
treatment of measured I–V curves accounted for well-known concepts of Langmuir probe
theory for low pressure plasmas [31]. In order to minimize experimental errors due to the



Materials 2021, 14, 1595 4 of 16

deposition of fluorocarbon polymer on probe tips, the latter were cleaned in 50% Ar + 50%
O2 plasma before and after each measurements. Our previous works have demonstrated
the efficiency of such procedure to obtain adequate diagnostics results in polymerizing
fluorocarbon-based plasmas [7,30,32–34].
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Plasma diagnostics by optical emission spectroscopy (AvaSpec-3648, JinYoung Tech,
Seoul, Korea) was applied to compare F atom densities in C6F12O + Ar and CF4 + Ar
plasmas as well as to trace behaviors of both nF and nO with variations in processing
conditions. For this purpose, we monitored emission intensities (I) for three atomic lines,
such as Ar 750.4 nm, F 703.8 nm, and O 777.0 nm. These are widely used actinometrical lines
which are characterized by (a) direct electron impact excitation mechanism; (b) low lifetimes
of corresponding excited states that allows one to neglect their non-radiative relaxation;
and (c) known actinometrical coefficients for couples of F 703.8 nm/Ar 750.4 nm (CF

act)
and O 777.0 nm/Ar 750.4 nm CO

act [35]. Accordingly, one can write nX/nAr = (IX/IAr)CX
act

(where X = F or O) and then, use the nX/nAr ratio to find the fraction of target particle
yX by assuming yAr = 0.5. The estimation of absolute densities was impossible due to
unknown gas temperature.

Etching kinetics for Si and SiO2 was studied using fragments of Si (111) wafers without
or with oxide layer. Both samples were simultaneously placed in the middle part of the
bottom electrode. The latter had a built-in water-flow cooling system that allowed one
to maintain its temperature at the nearly constant value of ~17 ◦C within the processing
times τ ~5 min. The sample size of ~2 × 2 cm allowed one to neglect the loading effect
as well as to provide the etching regime controlled by heterogeneous process kinetics.
Preliminary experiments indicated no principal (i.e., exceeding the standard experimental
error) differences in I–V curves measured with and without sample loading. Therefore,
one can neglect the sensitivity of gas-phase plasma parameters to etching products as
well as consider the gas phase to be the permanent source of active species. In order to
determine etching rates, we developed a partial surface masking by the photoresist AZ1512
with a thickness of ~1.5 µm as well as measured etched depths ∆h for the processing time
τ = 1 min using the surface profiler Alpha-Step 500 (Tencor, Milpitas, CA, USA). The quasi-
linear shape of ∆h = f (τ) curves in both gas mixtures surely suggests the steady-state
etching regime characterized by the time-independent etching rate R. As such, the latter
may be simply calculated as R = ∆h/τ.
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The chemical compositions of plasma-treated Si and SiO2 surfaces were examined
using X-ray photoelectron spectroscopy (K-Alpha, Thermo VG, UK) with a monochro-
matic Al Kα source (1486.6 eV). The size of the X-ray beam was 200 µm, and the electron
emission angle was 45 degrees. The acceleration voltage and emission current in the X-ray
source were 12 kV and 3 mA, respectively. The base pressure in the XPS chamber was
2.9 × 10−9 mbar, and the operating pressure was maintained at 4.9 × 10−9 mbar. A Flood
gun was used for charge compensation. In order to keep the real etched surface condition,
we did not perform the Ar+ sputtering procedure before the analysis.

2.2. Approaches for the Analysis of Etching Kinetics

For the phenomenological analysis of Si and SiO2 etching kinetics, one can ac-
count for known features of the reactive-ion etching process in fluorocarbon-based
plasmas [5,9,11,13,17,30,32–34,36,37]. These are as follows:

(1) Under typical reactive-ion etching conditions (p < 50 mTorr and −Udc > 200 V that
provide an excess of ion bombardment energy over sputtering thresholds [3–6] for
target materials), the experimentally obtained etching rate R is the superposition of
two parallel etching pathways, such as physical sputtering and ion-assisted chemical
reactions. Accordingly, one can simply suggest R = Rphys + Rchem [5,36,37].

(2) The rate of physical sputtering, Rphys, may be found as YSΓ+ [5,36], where YS~
√

εi [30,32–34]

is the sputtering yield, εi =
∣∣∣−U f −Udc

∣∣∣ is the ion bombardment energy, −U f ≈
0.5Te ln(mi/2πme) is the floating potential, and Γ+ ≈ J+/e is the flux of positive ions.
As such, the relative change in Rphys with variations of processing conditions may be
traced by the parameter

√
εiΓ+ characterizing the ion momentum flux [32–34].

(3) The rate of ion-assisted chemical reaction, Rchem, is represented by the multiplication
of γRΓF [17,30,34], where γR = s0(1− θ) [17] is the effective reaction probability, s0
is the sticking probability for etchant species on the free adsorption site, and θ is the
fraction of adsorption sites occupied by reaction products, and ΓF is the thermal flux
of F atoms with the gas-phase density of nF. In general case, the situation θ → 0
corresponds to the reaction-rate-limited process regime where γR ≈ s0 is only the
exponential function of surface temperature. Oppositely, the condition θ→ 1 points
out on the ion-flux-limited process regime. Here, even if the nearly constant surface
temperature provides s0 ≈ const, the trend of Rchem is controlled by the change in
γR through the fraction of free adsorption sites for F atoms (1− θ). In polymerizing
plasmas, γR may also be sensitive to fluorocarbon polymer thickness if the latter
provides ΓF

′/ΓF << 1, where ΓF
′ is the flux of F atoms on the polymer film/etched

surface interface [5,9,13].

3. Results and Discussion

Figure 2a,b illustrate effects of input power and gas pressure on Si and SiO2 etching
rates in 50% C6F12O + 50% Ar and 50% CF4 + 50% Ar plasmas. It can be seen that both
Si and SiO2 are characterized by similar monotonic R = f (W) at p = const curves as well
as exhibit higher etching rates at higher pressures. The main peculiarity here is only that
the C6F12O + Ar gas system provides the systematically lower absolute etching rates (by
~1.5–1.6 times for p = 4 mTorr and ~1.8–2.0 times for p = 12 mTorr at 200–600 W). The similar
difference was obtained in Ref. [27] for C6F12O + O2 and CF4 + O2 plasmas. The analysis
of these data with accounting for known features of Si and SiO2 etching mechanisms in
fluorocarbon gas plasmas ([5,7–17], see Section 1) allows one to conclude that:
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vs. input power and gas pressure may be attributed to similar etching regimes. In 
general, this may be either the polymer-thickness-controlled etching process 
(through the transport of etchant species to the film/etched surface interface) or the 
chemical reaction itself under the condition of thin or even non-continuous polymer 
film. In our case, the second variant looks more favorable because of the low 
polymerizing ability of CF4 plasma [3–5,7,8,17] as well as the similar feature of the 
C6F12O + Ar gas system. As follows from Figure 3a–d, the latter exhibits the only small 
increase in the amount of carbon-containing compounds on both Si and SiO2 surfaces. 
In addition, one can see that both gas systems provide the lower amount of 
fluorocarbon polymer on SiO2 compared with that on Si. This well-known effect is 
due to the etching of polymer by O atoms on the film/SiO2 interface [5–8]. 

(2) Similar changes of Si and SiO2 etching rates in each gas system indicate that 
corresponding chemical etching pathways are driven by identical active species and 
have one and the same limiting stage. In particular, an increase in both Si and SiO2 
etching rates vs. gas pressure surely points out on the absence of ions-driven limiting 
stages in corresponding heterogeneous reaction schemes. In fact, this means that the 
SiO2 + F reaction kinetics is not limited by the ion-assisted destruction of oxide bonds 
SiOx(s.) → Si(s.) + xO to produce adsorption sites for F atoms. Probably, such situation 
is due to the quite high ion bombardment energy used in this study. As such, all 
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kinetics while systematically lower etching rates in C6F12O + Ar plasma may 
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Figure 2. Measured etching rates (a,b) and calculated rates of ion-assisted chemical reaction (c,d) for
Si and SiO2 in 50% C6F12O + 50% Ar (solid lines) and 50% CF4 + 50% Ar (dashed lines) plasmas.
Numerical labels on curves mean the gas pressure in mTorr.

(1) Similar changes of etching rate for each material in C6F12O- and CF4-based plasmas
vs. input power and gas pressure may be attributed to similar etching regimes. In
general, this may be either the polymer-thickness-controlled etching process (through
the transport of etchant species to the film/etched surface interface) or the chemical
reaction itself under the condition of thin or even non-continuous polymer film. In
our case, the second variant looks more favorable because of the low polymerizing
ability of CF4 plasma [3–5,7,8,17] as well as the similar feature of the C6F12O + Ar gas
system. As follows from Figure 3a–d, the latter exhibits the only small increase in the
amount of carbon-containing compounds on both Si and SiO2 surfaces. In addition,
one can see that both gas systems provide the lower amount of fluorocarbon polymer
on SiO2 compared with that on Si. This well-known effect is due to the etching of
polymer by O atoms on the film/SiO2 interface [5–8].

(2) Similar changes of Si and SiO2 etching rates in each gas system indicate that cor-
responding chemical etching pathways are driven by identical active species and
have one and the same limiting stage. In particular, an increase in both Si and SiO2
etching rates vs. gas pressure surely points out on the absence of ions-driven limiting
stages in corresponding heterogeneous reaction schemes. In fact, this means that
the SiO2 + F reaction kinetics is not limited by the ion-assisted destruction of oxide
bonds SiOx(s.) → Si(s.) + xO to produce adsorption sites for F atoms. Probably, such
situation is due to the quite high ion bombardment energy used in this study. As
such, all experimental curves in Figure 2a,b reflect changes in the Si(s.) + xF→ SiFx
reaction kinetics while systematically lower etching rates in C6F12O + Ar plasma
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may preliminary be attributed to corresponding differences in gas-phase densities of
F atoms.
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In order to check the above suggestions on etching mechanisms as well as to analyze 
differences between two gas systems, the data on plasma parameters and densities of active 
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C6F12O + 50% Ar (a,c,e) and 50% CF4 + 50% Ar (b,d,f) plasmas. Processing condition are W = 400 W,
p = 8 mTorr.

In order to check the above suggestions on etching mechanisms as well as to analyze
differences between two gas systems, the data on plasma parameters and densities of active
species are needed. From Figure 4, it can be seen that C6F12O + Ar and CF4 + Ar plasmas
exhibit similar behaviors for electrons- (electron temperature, electron density) and ions-
(ion flux, ion bombardment energy) related gas-phase parameters. Most of the obtained
effects are in agreement with those for many other fluorocarbon gas plasmas [17,30,32–34]
and may briefly be commented as follows:

• The electron temperature (Figure 4a) increases toward higher input powers at p = const
and decreases toward higher pressures at W = const. The first phenomenon is probably
due to a decrease in electron energy losses for vibrational and electronic excitations
of dominant neutral particles. The evident reason is an increase in densities of less
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saturated radicals and atomic species due to the acceleration of electron-impact dis-
sociation for multi-atomic components. The faster growth of Te in the C6F12O + Ar
plasma as well as higher electron temperatures at W > 400 W may result from the
multichannel fragmentation mechanism with including CxFy + O/O(1D)→ Cx-nFy-mO
+ CnFm and CFx + O/O(1D)→ CFx-1O + F reactions [32,33]. As such, one can easily
imagine the situation when the given gas system provides higher densities of less
saturated species compared with CF4 + Ar under identical processing conditions. The
decreasing tendency for Te = f (p) is surely connected with an increase in the overall
electron energy loss due to increasing electron-neutral collision frequency [5].

• The ion current density (Figure 4b) in both gas systems mainly reflects the change
of n+ and thus, depends on the positive ion formation/decay balance. Particularly,
an increase in W at p = const surely results in increasing total ionization rates and
thus, causes the same response from the side of n+. It should be noted that a bit lower
J+ values in the C6F12O + Ar plasma at W > 400 W are in formal agreement with
above suggestion on higher densities of less saturated species. At least, one can simply
assume that the smaller particle is featured by the lower ionization rate coefficients
because of the lower process cross-section and/or higher ionization threshold εiz. An
increase in gas pressure at W = const results in decreasing ionization rate coefficients
(because of the same change in Te and mean electron energy that provides decreasing
fraction of electrons with ε > εiz) as well as accelerates the loss of positive ions in
bulk plasma (because of increasing plasma electronegativity and negative ion density).
As such, the decreasing tendency for J+ = f (p) is probably due to corresponding
changes in both n+ and ion Bohm velocity.

• The negative dc bias at constant bias power (Figure 4c) always shows opposite trends
compared with J+. The reason is that the positive ion flux partly compensates for the
negative charge produced by bias source. In both gas systems, the growth of ion flux
vs. input power overlaps the weaker decrease in−Udc and provides the intensification
of the physical etching pathway. The last conclusion directly follows from the change
in
√

εiΓ+ values shown in Figure 4d. Accordingly, the combination of decreasing
ion flux and the nearly constant −Udc with increasing gas pressure lowers the ion
bombardment intensity and thus, suppresses the physical etching pathway. Similar
effects have been reported for various gas systems [2,5,6].

When summarizing the above data, one can conclude that both gas mixtures have no
principal differences in respect to the efficiency of electron-impact processes. Really, though
the C6F12O + Ar plasma exhibits higher Te values in the range of W > 400 W, it is formally
compensated by lower electron densities, as follows from corresponding dissimilarities
in n+. This allows one to assume close dissociation frequencies (kdisne, where kdis is the
dissociation rate coefficient) for one and the same species as well as to attribute peculiarities
of corresponding gas phase compositions to various dissociation pathways for original
C6F12O and CF4 molecules. As for the intensity of ion bombardment that determines rates
of ions-driven heterogeneous processes, some evident differences do exist. As can be seen
from Figure 4d, the gap between

√
εiΓ+ values becomes noticeable at W > 400 W and

reaches about two times at W = 600 W. Obviously, the last effect is mainly due to the lower
ion flux in the C6F12O + Ar plasma, as can be understood from Figure 4b. The similar
difference in ion fluxes was also mentioned in Ref. [27] for oxygen containing CF4 and
C6F12O plasmas under the close range of processing conditions. Therefore, such stable
feature may provide an advance in respect to the low-damage etching.
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Figure 4. Electron- and ion-related plasma parameters in 50% C6F12O + 50% Ar (solid lines) and 50% CF4 + 50% Ar (dashed 
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parameter Γ  characterizing the ion momentum flux. Numerical labels on curves mean the gas pressure in mTorr. 
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In order to compare contributions of Rphys to measured etching rates, one can refer
for direct experimental data on corresponding sputtering yields [38,39]. From these works,
one can conclude that (a) in the range of εi < 600 eV, sputtering yields for Si and SiO2
are close enough to be characterized by an average common value of YS; and (b) actual
ion energy ranges of 360–460 eV (for C6F12O + Ar plasma) and 355–510 eV (for CF4 + Ar
plasma) correspond to YS ~0.35–0.44 atom/ion and 0.35–0.48 atom/ion, respectively. Ac-
cordingly, this allows one to calculate Rphys ≈ YSΓ+ (see Section 2.2) as well as to find
Rchem = R− Rphys. Calculations showed that the rate of sputter etching always increases
with increasing input power (for example, 11–31 mn/min for C6F12O + Ar plasma and
12–51 mn/min for CF4 + Ar plasma at p = 8 mTorr) and decreases toward higher gas
pressures (for example, 25–21 nm/min for C6F12O + Ar plasma and 34–29 mn/min for CF4
+ Ar plasma at W = 400 W). Though the C6F12O + Ar plasma provides lower Rphys values
(as was predicted by Figure 4d), it exhibits generally higher Rphys/R ratios (Figure 5) due
to lower total etching rates compared with those for CF4 + Ar. Another important finding is
that both gas systems surely satisfy the rule of Rchem >> Rphys which means that the change
in any measured etching rate is mainly controlled by Rchem (Figure 2c,d). The contribution
of Rphys appears to be higher for SiO2 at lower pressures and higher input powers but
does not exceed 30% in its maximum value. From the comparison of Figure 2c,d and
Figure 4d, it can be seen also that the change of Rchem vs. gas pressure contradicts with
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that for ion energy flux. This surely confirms that the dominant etching mechanism for
Si and SiO2 in both gas systems is the ion-assisted chemical reaction which appears in
either pure reaction-rate-limited (γR ≈ const) or transitional (γR 6= const) regime. The last
case assumes that the whole process rate is generally controlled by F atom flux while the
effective probability for Si(s.) + xF→ SiFx reaction may be sensitive to the ion momentum
flux through ion-stimulated desorption of reaction products, oxide bond breaking, and/or
fluorocarbon film thickness. That is why, the understanding of the real situation requires
the analysis of correlations between Rchem and the fluorine atom flux. As such, the data on
F atom densities are strongly required.
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Figure 6 represents results of plasma diagnostics by optical emission spectroscopy
(OES). From Figure 6a,b, it can be seen that an increase in input power at p = const always
causes the faster growth in emission intensities for F (703.8 nm) and O (777.0 nm) lines
compared with that for the Ar (750.4 nm) line. Such situation provides an increase in both
F/Ar and O/Ar intensity ratios and thus, under the condition of CX

act ≈ const [35], directly
corresponds to similar change in nF/nAr and nO/nAr (Figure 5c). Taking into account
the nearly constant nAr vs. input power, one can surely speak about linear increase in F
atom densities toward higher input powers in both gas systems. Such phenomenon is in
good agreement with numerous published data obtained by both plasma diagnostics and
modeling for CF4 + Ar plasma (see, for example, Refs. [40,41]). The similar conclusion
follows from Figure 6d in respect to O atom density in the C6F12O + Ar plasma. As for the
effect of gas pressure, one must remember that the range of 4–12 mTorr provides the nearly
three-fold increase in Ar density in a feed gas. That is, even a bit lower-running nF/nAr
curve at 12 mTorr for C6F12O + Ar plasma in Figure 6c also corresponds to an increase in
nF toward higher pressures. Therefore, influence of gas pressure on F atom density is also
quite similar for both gas systems. It is important to note that similar slopes for nF/nAr
curves at p = 12 mTorr in C6F12O + Ar and CF4 + Ar plasmas generally correspond to
similar changes in electron-impact kinetics, as was mentioned above. The faster growth in
nF/nAr ratio in C6F12O + Ar plasma at p = 4 mTorr contradicts this rule but exhibits the
correlation with faster changes in nO/nAr ratio and O atom density. Probably, this suggests
that the formation kinetics for F atoms at lower pressures is contributed by reactions with a
participation of oxygen, such as CFx + O/O(1D)→ CFx-1O + F.
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50% CF4 + 50% Ar (dashed lines) plasmas: (a) measured emission intensity for Ar 750.4 nm line;
(b) measured emission intensities for F 703.8 nm and O 777.0 nm lines; (c) evaluated nF/nAr density
ratio; and (d) evaluated nO/nAr density ratio. Numerical labels on curves mean the gas pressure in
mTorr while the «’» mark at the corresponding label points out on oxygen-related data).
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When making a comparison between data of Figures 2 and 6, the basic features of
ion-assisted chemical reaction in C6F12O + Ar and CF4 + Ar gas systems may be suggested
as follows:

(1) In both gas systems, the behavior of Rchem qualitatively correlates with the corre-
sponding trend of F atom density while lower Si and SiO2 etching rates in the C6F12O
+ Ar plasma generally correspond to lower nF values. This directly points to a similar
limiting stage in a form of Si(s.) + xF→ SiFx reaction as well as probably means the
non-principal influence of fluorocarbon polymer film on the etching kinetics.

(2) In both gas systems, the change in Rchem appears to be quantitatively different than
that for F atom density. In particular, the CF4 + Ar plasma at the low-pressure
represents the special case when Rchem for both Si and SiO2 increases faster compared
with F atom density. Such situation corresponds to an increase in effective reaction
probability that correlates with the behavior of

√
εiΓ+. This allows one to suggest

that, under the given set of processing conditions, an increase in ion momentum flux
accelerates chemical reaction. At the same time, the high-pressure CF4 + Ar plasma,
as well as the C6F12O + Ar plasma at any pressure within 4–12 mTorr, demonstrate
the slower increase in Rchem compared with F atom density. Accordingly, one can
speak about decreasing effective reaction probability that contradicts with changes in
ion momentum fluxes. In order to explain this phenomenon, one can simply suggest
an increase in the amount of deposited polymer (which can be a true if the flux
of polymerizing radicals growths faster compared with

√
εiΓ+) or heterogeneous

reactions with a participation of oxygen atoms. The last mechanism may suppress
γR in C6F12O + Ar plasma through the formation of oxide bonds and blocking of
adsorption sites for F atoms.

(3) The situation γR 6= const obtained for all processing gases and conditions at constant
surface temperature generally means the sensitivity of γR to gas-phase plasma param-
eters, such as particle and/or energy fluxes. Here, though the main trend for Rchem is
determined by the F atom flux, the change in γR affects the slope and/or the shape of
corresponding curve and thus, provides the ability for additional process control. As
such, the understanding of factors influencing γR is the key point for understanding
the etching mechanism itself.

Additional information on heterogeneous reaction pathways may principally be
derived from XPS data for F(1s) shown in Figure 3e,f. First, the difference in intensities for
F(1s)-C peaks in Figure 3e,f is in agreement with those for C(1s)-F from Figure 3a,b. This
fact confirms a bit higher polymerizing ability of C6F12O + Ar plasma as well as supports
the earlier-made conclusion on a non-principal dissimilarity of C6F12O + Ar and CF4 + Ar
gas system in respect to this parameter. It can be concluded also that the polymer film
deposited in C6F12O + Ar plasma is featured by the different chemical structure. At least,
the peak at ~690.6 eV in Figure 3e may be attributed to F atoms in the polymer chain
with multi-carbon species [41,42]. Secondly, the difference in intensities for F(1s)-Si peaks
indicate the higher amount of residual SiFx compounds after the treatment in C6F12O + Ar
plasma. In the light of lower etching rates, such situation may take place only if the given
gas system provides the worse removal of etching products. Obviously, the last feature
cannot be directly associated with lower

√
εiΓ+ values (Figure 4d), since the chemical

reaction between Si and F atoms leads to the formation of high-volatile SiF4 [4,5]. In our
opinion, the oxygen containing plasma may result in the formation of lower volatile SiOFx
compounds that can be gasified only by the ion-stimulated desorption. At least, the similar
phenomenon has been mentioned for the etching of silicon in Cl2- and HBr-based plasmas
in the presence of oxygen [43,44]. Quite close intensities for F(1s)-O peaks do not contradict
with the above suggestion if to assume that oxygen is connected by a double bond only
with the Si atom.

One more issue which seems to be worth the brief discussion is the SiO2/Si etching
selectivity. From Figure 7, it can be seen that the SiO2/Si etching selectivity in C6F12O + Ar
plasma shows the weak growth with increasing input power as well as exhibits the low
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sensitivity to gas pressure. Both gas systems demonstrate the quite similar situation at
the low pressure end (RSiO2 /RSi ~1.16 for the CF4-based plasma and ~1.21 for the C6F12O-
based plasma at 4 mTorr and 500 W), but exhibits the noticeable difference for higher
pressures and input powers. In particular, the maximum RSiO2 /RSi value in the CF4-
based plasma at 12 mTorr reaches 1.3 while the C6F12O-based plasma produces only ~1.2.
The simplest explanation of this fact may be connected with differences in polymer film
thicknesses. Probably, the combination of high pressure and input power creates favorable
conditions for increasing flux of polymerizing radicals and polymer deposition rates. At
the same time, the C6F12O-based plasma is also characterized by increasing O atom flux
that accelerates the chemical etching rate of a polymer film. As such, the latter appears to
be thinner and has the much lower impact on Si and SiO2 etching kinetics. In our opinion,
this suggestion does not contradict with Figure 2 which indicates the rather close amounts
of deposited polymer for both gas systems. The reason is that conditions of Figure 3 relate
to an intermediate case (8 mTorr and 400 W) where differences in hpol are not sufficient yet.
Accordingly, corresponding points in Figure 7 are also very close to each other. Therefore,
the effect of own oxygen limits the ability of gas pressure and input power to adjust the
SiO2/Si etching selectivity in C6F12O-based plasmas.
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Finally, we would like to note that the above analysis is only a primary step that just
provides reasonable explanations for etching phenomenology. Obviously, more accurate
conclusions in respect to etching mechanisms assume, at least, the more detailed study of
the C6F12O + Ar gas system with obtaining quantitative data on densities of F atoms, O
atoms, and polymerizing radicals. Since corresponding values for CF4 + Ar plasma are
well-known from published works (or may be easily obtained by plasma modeling with the
well-adjusted kinetic scheme [17,32–34,40]), one will be able to compare real particle fluxes
as well as to discuss contributions of various physical or chemical processes to the change
of effective reaction probabilities. At the same time, the simplified approach used in this
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study evidently illustrates the principal features which may be important when making a
choice between two gas systems for the purpose of given etching process. Particularly, the
principal finding in this study is that the C6F12O gas with low global warming potential
may be the almost equivalent (with some limitations in respect to etching selectivity)
replacement for CF4 in the reactive-ion etching of Si and SiO2. At the same time, lower
absolute etching rates in the C6F12O-based plasma provide the condition for better process
control. In the light of the very poor knowledge on the C6F12O + Ar plasma chemistry,
such information may be a real value for future progress in dry etching technology.

4. Conclusions

This work reports on the comparative study of C6F12O + Ar and CF4 + Ar gas
chemistries in respect to Si and SiO2 reactive-ion etching processes under the condition
of low input power mode. Si and SiO2 etching rates in both gas systems were measured
as functions of input power (200–600 W that corresponds to ~0.02–0.06 W/cm3) and gas
pressure (4–12 mTorr). Plasma diagnostics by double Langmuir probe and optical emission
spectroscopy indicated principal similarities of C6F12O + Ar and CF4 + Ar plasmas in
respect to the influence of processing conditions on physical plasma parameters (electron
temperature, ion current density, plasma density, and ion momentum flux), electron-impact
kinetics, and F atom density. In addition, the X-ray photoelectron spectroscopy showed no
principal differences in corresponding polymerization abilities. The analysis of these data
allowed one to compare performances of given gas systems in respect to the reactive-ion
etching of Si and SiO2 as well as to associate features of corresponding etching kinetics
with those for gas-phase plasma characteristics. It was shown that etching processes of
both materials in both gas systems (a) have no ions-driven limiting stages; (b) are mainly
provided by the ion-assisted chemical reaction controlled by the F atom flux; and (c) are
characterized by the processing-condition-dependent (in other words—effective) reaction
probability. Such situation assumes no principal differences in etching regimes. The final
conclusion was that the C6F12O gas with low global warming potential may be the almost
equivalent replacement for CF4 in the reactive-ion etching of Si and SiO2. The features
of C6F12O-based plasma are a bit lower SiO2/Si etching selectivity at higher pressures
as well as lower absolute etching rates. The last fact provides the opportunity for better
process control.
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