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Abstract An investigation of etching mechanism of low-temperature SiO2 thin films in
CF4/Ar/O2 inductively coupled plasmas at constant input power (900 W) and bias power
(200 W) was carried out. It was found that that the variations of Ar/O2 mixing ratio
(0–50 %) at constant 50 % CF4 fraction as well as the change in gas pressure (4–10 mTorr)
resulted in non-monotonic SiO2 etching rates. The zero-dimensional plasma model with
Langmuir probe diagnostics data provided the detailed information on formation-decay
kinetics for plasma active species. The model-based analysis of etching kinetics showed
that these effects were not connected with the non-monotonic change of fluorine atom
density (as was found in several works for the binary CF4/O2 system), but resulted from the
decrease in reaction probability and with the transition from neutral-flux to ion-flux-limited
regimes of ion assisted chemical reaction.
Keywords Low-temperature SiO2  CF4 plasma  Diagnostics  Modeling  Etching
mechanism
Introduction
Silicon dioxide (SiO2) played an important role in advanced electronic device technology
in all temporal steps of its development. Being originally used as the gate dielectric, now
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the SiO2 lost the leading role in this field because of numerous high-k materials providing
both lower dimensions and better characteristics for field-effect transistors [1, 2]. Currently, the interest to SiO2 has been renewed by the development of micro-electromechanical systems (MEMS). In MEMS technology, the basic method for producing the
SiO2 layers is the low pressure chemical vapor deposition (LPCVD). The advantage of the
LPCVD process compared with the thermal oxidation, except the much lower process
temperatures, is the possibility of the SiO2 growth rate adjustments by the temperature,
pressure and composition of gas mixture [3]. Also, the LPCVD-formed SiO2 (so-called the
low temperature oxide, LTO) requires no polishing because it faithfully reproduces the
structure of the underlying layers [4]. Since the MEMS technology includes a combination
of deposition and etching steps, the development of the dry etching process for LTO films
for the required surface micromachinning is an important task to be solved in a nearest
future. Similarly to the conventional electronic device technology, the fluorine-containing,
particularly the CF4-based plasmas, are normally used for this purpose [4].
From numerously published works (for example, from Refs. [5–15]), the basic features
of the SiO2 etch process in the CF4-containing plasmas can be summarized as follows:
1. The dominant role in chemical etching pathway belongs to F atoms. The effect from
CFx radical is much smaller and appears only through their ion-assisted dissociation of
the surface [5–7]. The role of F2 molecules which are formed in the CF4-based plasmas
with the densities compared with those for F atoms [13] can also be ignored due to the
three order of magnitude lower reaction probability [14, 15].
2. The etching process needs ion bombardment with the energies more than 150–200 eV
in order to sputter the low volatile fluorinated layer. In this case, the etching process
occurs in the reaction-rate-limited etching regime, and the etching rate follows the
behavior of F atom density [6, 7, 10–12].
3. The rate of spontaneous (thermally-activated) reaction of F atoms with SiO2 surface at
near-to-room temperatures can be neglected. The dissociative adsorption of CFx
radicals on SiO2 does not occur [11–13].
4. In the CF4/O2 plasmas, the SiO2 etching rate shows a maximum at 30–40 % O2. Such
effect appears in plate-parallel reactive ion etching (RIE) reactors at relatively high
pressures (100–500 mTorr) as well as in the inductively coupled plasma (ICP) systems
operating at pressures less than 10 mTorr [5–8]. Normally, the non-monotonic etching
rate is attributed to the same behavior of F atom density and to the effective
gasification of the fluorocarbon polymer layer in the presence of the active oxygen.
The reasonability of the first assumption was repeatedly confirmed by several works
on both diagnostics and modeling of CF4/O2 plasmas [16–20].
However, when analyzing the existing works, one can conclude that the effect of
oxygen on SiO2 etching rate, plasma parameters, and composition is well studied only for
the binary CF4/O2 gas mixture at constant total gas pressure. Accordingly, an increase in
the O2 mixing ratio is accompanied by a proportionally decreasing CF4 fraction. At the
same time, modern plasma etching technology involves three- or more component gas
mixture, for example CF4/O2/Ar. Kimura and Hanaki [21] have reported the experimental
study of CF4/O2/Ar ICP with variable CF4 fractions in a feed gas. They found that the
behaviors of plasma parameters and F atoms density versus gas mixing ratio are quite
similar to those obtained for the CF4/O2 plasma. From this work, it can be understood also
that the metastable Ar atoms do not influence the dissociation kinetics for mixture components. At the same time, the three-component systems provide much more pathways for
the changes in gas mixing ratios in order to obtain the optimal process conditions. For
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example, one can fix the fraction of CF4, but change only the ratio between O2 and Ar. It is
clear that, since the composition of the feed gas is different compared with simple CF4/O2
mixture, some principal differences in plasma parameters [through the electron energy
distribution function (EEDF) and mean electron energy], densities of plasma active species
(through the electron impact and atom-molecular kinetics) and thus, in the SiO2 etching
mechanism which can take place. That is why, the relationships between plasma parameters, plasma composition, and SiO2 etching mechanism for the three component CF4/O2/
Ar gas mixture need additional investigations.
The main goal of this work was to investigate how the change in O2/Ar mixing ratio at
constant CF4 fraction in the CF4/O2/Ar gas mixture and the change of gas pressure
influence the etching characteristics of low temperature SiO2 films through the changes of
plasma parameters and plasma composition. Also, we attempted the model-based analysis
of the SiO2 etching mechanisms for understanding the behavior of etching rate versus
chosen operating parameters that serves for creating the basis for the further process
optimization.

Experimental Part
Experimental Setup and Procedures
The SiO2 films were deposited on Si(100) substrates using the LPCVD technique in
E1550HT Diffusion furnace. The precursor gases were SiH4 and O2 with the flow rates of
160 and 260 sccm, respectively. The process temperature was 425 °C, and the total gas
pressure was 160 mTorr. The final thickness of the LTO films was about 500 nm.
Both etching and plasma diagnostics experiments were performed in planar ICP reactor.
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.
For the effect of gas mixing ratio, the experiments were performed at fixed total gas
flow rate (q = 40 sccm), gas pressure (p = 6 mTorr), bias power (Wdc = 200 W) and
input power (Winp = 900 W). The last value corresponds to the input power density
winp ¼ Winp =pr2 lof 0.9 W/cm3. The initial compositions of the CF4/Ar/O2 mixtures were
set by adjusting the flow rates of the corresponding gases. In these experiments, the CF4
flow rate qCF4 was fixed at 20 sccm while O2 and Ar were mixed with various ratios within
qO2 þ qAr ¼ 20 sccm. Accordingly, the fraction of CF4 in the initial gas mixture yCF4 ¼
qCF4 =q was always 0.5, and the remaining half was represented by the different amounts of
O2 and Ar. For the effect of gas pressure, the parameters q, Winp and Wdc were fixed at
40 sccm, 900 W and 200 W, respectively. The pressure was changed in the range of
4–10 mTorr. In this case, two basic gas mixtures were investigated. These were the Ar-rich
plasma (50 % CF4 ? 38 % Ar ? 12 % O2) and O2-rich plasma (50 % CF4 ? 12 %
Ar ? 38 % O2).
For etching experiments, the samples with the size of about 2 9 2 cm2 were placed in
the center of the bottom electrode. The SiO2 etched depths were measured using a surface
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profiler (Alpha-step 500, Tencor). For this purpose, we developed the line striping of the
PR (AZ1512, positive) with the line width/spacing ratio of 2 lm/2 lm. The initial
thickness of the PR layer was about 1.5 lm.
Plasma diagnostics was carried out by double Langmuir probe (LP) (DLP2000, Plasmart Inc.). The probes were installed through a hole on the sidewall of the reactor
chamber at 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 I–V curves was based on the
Johnson and Malter’s double probes theory [22] and the Allen-Boyd-Reynolds (ABR)
approximation [23] for the ion saturation current density without accounting for negative
ions. All these assume Jþ  0:61enþ t, where t is the ion Bohm velocity. Earlier, it was
shown that such an approach works not bad even for more electronegative plasmas, for
example, for the Cl2-based ones [24, 25].
Plasma Modeling
In order to obtain the data on densities and fluxes of plasma active species, we used a
simplified zero-dimensional model with Maxwellian EEDF and with the experimental data
on Te and nþ as input parameters [20, 24, 25]. Though the real EEDFs are not exactly
Maxwellian, such simplification for the CF4-based low-pressure (p \ 50 mTorr) ICPs
provides the reasonable agreement between the results of plasma diagnostics and modeling
[21, 25–28]. Also for simplicity, we did not account for the negative ion chemistry
assuming n_/ne  1 and ne & n?. The reasonability of such assumption for the given set
of experimental conditions follows from the data of Refs. [16, 21, 25]. Particularly, in our
previous study [25], it was found that n-/ne * 0.3 for pure CF4 plasma and *0.1 for 50 %
CF4 ? 50 % Ar gas mixture at p = 15 mTorr and winp = 0.8 W/cm3. Kimura and Hanaki
[21] have measured n-/ne * 0.2 in 30 % CF4 ? 70 % Ar plasma for p = 30 mTorr and
winp = 0.7 W/cm3. Another Kimura’s work [16] reported about n_/ne * 0.1 for pure CF4,
*0.13 for 50 % CF4 ?50 % O2 and *0.22 for pure O2 plasma at p = 8 mTorr and
winp = 0.8 W/cm3. Since all these values relate to higher pressures and lower power
densities than those used in the present study, one can surely assume that, in our case, n_/
ne \ 0.1.
The steady-state (dn/dt = 0) densities of neutral species were obtained from the system
of chemical kinetics equations in a general form of RF  RD ¼ ðks þ 1=sR 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, kS is the first-order heterogeneous decay rate coefficient, and
sR = pr2lp/q is the residence time. The list of the processes included in the model is given
in Table 1. The rate coefficients for electron impact reactions (R1–R20) were calculated
using the fitting expressions as functions of Te [16, 27, 28] in a form of
k ¼ ATeB expðC=Te Þk ¼ ATBe expðC=Te Þ. The rate coefficients for R21–R60 were taken
from the NIST database [29] for the gas temperature (T) of 700 K. The last was assumed to
be independent on the variable operating parameters. The rate coefficients for heterogeneous loss of atoms and radicals R61–R67 were taken similarly to Ref. [24] as


1
kS ¼ K2 =D þ ð2r=ctT Þ ;
ð1Þ
where D is the effective diffusion coefficient, c is the sticking probability [16, 25], K2 ¼
ð2:405=rÞ2 þðp=lÞ2 is the diffusion length, and tT = (8 kBT/pm)1/2. All reaction pathways
between the adsorbed (marked by the ‘‘s’’ index) and gaseous species inside R61–R66 were
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assumed to be of equal probabilities. The rate coefficients for heterogeneous loss of ions
R68–R70 were calculated as kS = t/dc, where dc ¼ 0:5rl=ðrhl þ lhr Þ dc ¼ 0:5rl=
ðrhl þ lhr Þ dc ¼ 0:5rl=ðrhl þ lhr Þ. The correction factors for axial and radial sheath sizes
are given by the low pressure diffusion theory [30].
For the effects of both gas mixing ratio and gas pressure, the calculations were performed by 10 model runs: 5 or 4 base points of Te, n?, J? and Udc were directly taken from
the experiment, and 5 or 6 additional intermediate points were obtained by the interpolation of the measured ones using a cubic spline procedure. Accordingly, all the modelpredicted curves shown in ‘‘Results and discussion’’ Section result from the smooth fitting
of these 10 points. Taking into account the results of previously published works [16–20],
the possibility of the local non-monotonic effects between the experimental points was
ignored.
For model validation, we took the experimental data on F atom density, Te and ne
obtained by Kimura et al. [16] using optical emission actinometry and Langmuir probe
measurements in the ICP reactor of similar geometry under the close range of experimental
conditions. Figure 1 shows the good agreement between measured and model-predicted nF
values. Moreover, it can be seen that our model somewhat better fits their experimental
data than their own model. In our opinion, such situation is provided by several reasons,
and namely: (1) we used the extended reaction set for the bulk chemistry; (2) we involved
the newest data set on the reaction rate coefficients from the NIST Chemical Kinetics
Database [29], and (3) we accounted, though in a simplest form, for the wall chemistry of
atoms and radicals. The last issue is especially important in the low-oxygenated plasmas
where the heterogeneous decay of these species dominates over atom-molecular processes.
At the same time, the model of Ref. [16] assumed only the loss of atoms and radicals on the
reactor walls except the O ? 1/2 O2 reaction.
Modeling of Etching Kinetics
In order to analyze the relationships between plasma parameters and etching kinetics, we
used the simplified phenomenological model [9, 31–33]. The assumptions were formulated
as followed [20]:
1. The F atoms are the main chemically active species for SiO2 etching process. The
chemical effect from CFx radicals was not taken into account because of much lower
fluxes of these species.
2. The SiO2 etching mechanism was assumed to be the ion-assisted chemical reaction
where the role of ions includes the destruction of oxide bonds and the sputtering of the
low-volatile fluorinated layer. The spontaneous chemical reaction in the F/SiO2 system
at near-to-room temperatures can be ignored because the Si–O bond (799.6 kJ/mol
[34] ) is much stronger than the Si–F one (552.7 kJ/mol [34]).
3. The sputtering of native (non-fluorinated) surface does not contribute the overall
etching rate. The reason is that, for the given ion bombardment energies
SiO2 sputtering yield Ys does not exceed 0.1 atom/ion
ei & |eUdc| \160 eV, the
pﬃﬃﬃﬃ pﬃﬃﬃﬃ
(since Ys ¼ A ei  e0 with A = 0.014 eV-1/2, and e0 = 18–20 eV [7, 9]).
4. The SiO2 etching mechanism is not seriously affected by the fluorocarbon
polymerization on the surface. First, for the given set of experimental conditions,
the much higher flux of F atoms compared with ones for CFx=1, 2 radical provides the
favorable conditions for etching, but not for polymerization. Secondly, the XPS
analysis [20] indicated no sufficient increase in carbon content between the as-received
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Table 1 Reaction set for the modeling of neutral species chemistry in CF4/Ar/O2 plasma
Rate coefficient [cm3/s]

Process

A

3.06

1.32 9 10-8

B

C
0.412

6.329

R2

C2F4 ? e = C2F3 ? F ? 2e

15.57

3.03 9 10-9

0.874

16.41

R3

C2F3 ? e = CF2 ? CF ? e

3.06

3.30 9 10-8

0.412

6.329

R4

CF4 ? e = CF3 ? F ? e

5.60

1.38 9 10-8

0

16

R5

CF4 ? e = CF2 ? 2F ? e

9.50

2.22 9 10-10

0.99

14.77

0

20.4

R1

C2F4 ? e = 2CF2 ? e

eth [eV]

?

R6

CF4 ? e = CF3 ? F ? 2e

15.9

9.36 9 10-8

R7

CF4 ? e = CF3 ? F? ? 2e

23.10

9.79 9 10-10

0.94

34.67

R8

CF3 ? e = CF2 ? F ? e

3.80

6.48 9 10-8

-0.959

11.25

R9

CF2 ? e = CF ? F ? e

5.40

8.11 9 10-9

0.386

8.739

R10

CF2 ? e = C ? 2F ? e

11.00

1.39 9 10-8

-1.164

49.87

R11

CF ? e = C ? F ? e

5.60

1.63 9 10-8

-0.002

13.05

R12

F2 ? e = 2F ? e

4.34

1.08 9 10-8

-0.296

4.464

R13

O2 ? e = 2O ? e

6.40

1.52 9 10-9

0

4.15

R14

O2 ? e = O ? O(1d) ? e

8.57

2.04 9 10-8

0

8.18

R15

CO2 ? e = CO ? O ? e

13.50

1.87 9 10-8

0

13.89

R16

CO ? e = C ? O ? e

13.50

1.87 9 10-8

0

13.89

R17

O ? e = O(1d) ? e

1.97

4.47 9 10-9

0

2.29

R18

FO ? e = F ? O ? e

4.30

6.16 9 10-9

0

4.30

R19

CFO ? e = CO ? F ? e

5.40

8.11 9 10-9

0.386

8.739

R20

CF2O ? e = CFO ? F ? e

3.80

6.48 9 10-8

-0.959

11.25

R21

C2F3 ? F = C2F4

1.00 9 10-12

R22

C2F4 ? O = CF2O ? CF2

2.51 9 10-12

R23

C2F4 ? O(1d) = CF2O ? CF2

2.51 9 10-11

R24

C2F4 ? F = CF2 ? CF3

3.98 9 10-11

R25

C2F4 ? C = C2F3 ? CF

1.00 9 10-10

R26

F2 ? CF3 = CF4 ? F

6.31 9 10-14

R27

F2 ? CF2 = CF3 ? F

7.94 9 10-14

R28

F2 ? CF = CF2 ? F

3.98 9 10-12

R29

F2 ? O = FO ? F

1.00 9 10-16

R30

F2 ? O(1d) = FO ? F

7.94 9 10-12

R31

F2 ? CFO = CF2O ? F

5.01 9 10-14

R32

CF3 ? F = CF4

1.00 9 10-12

R33

CF3 ? O = CF2O ? F

3.16 9 10-11

R34

CF3 ?O(1d) = CF2O ? F

3.16 9 10-11

R35

CF2 ?F = CF3

4.17 9 10-13

R36

2CF2 = C2F4

5.01 9 10-14

R37

CF2 ? CF = C2F3

1.00 9 10-12

R38

CF2 ? O = CFO ? F

3.16 9 10-11

R39

CF2 ? O(1d) = CFO ? F

3.16 9 10-11

R40

CF2 ? O = CO ? 2F

3.98 9 10-12

R41

CF2 ? O(1d) = CO ? 2F

3.98 9 10-12

R42

CF ? F = CF2

5.01 9 10-15

?
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Table 1 continued
Rate coefficient [cm3/s]

Process

eth [eV]
R43

CF ? O = CO ? F

6.31 9 10-11

R44

CF ? O(1d) = CO ? F

2.00 9 10-11

R45

CF ? O2 = CFO ? O

3.16 9 10-11

R46

FO ? O = F ? O2

2.51 9 10-11

R47

FO ? O(1d) = F ? O2

5.01 9 10-11

R48

FO ? FO = 2F ? O2

2.51 9 10-12

R49

2FO = F2 ? O2

2.51 9 10-16

R50

CFO ? CF3 = CF4 ? CO

1.00 9 10-11

R51

CFO ? CF3 = CF2O ? CF2

1.00 9 10-11

R52

CFO ? CF2 = CF3 ? CO

3.16 9 10-13

R53

CFO ? CF2 = CF2O ? CF

3.16 9 10-13

R54

CFO ? O = CO2 ? F

1.00 9 10-10

R55

CFO ? O(1d) = CO2 ? F

1.00 9 10-10

R56

2CFO = CF2O ? CO

1.00 9 10-11

R57

CFO ? F = CF2O

7.94 9 10-11

R58

CF2O ? O(1d) = F2 ? CO2

2.00 9 10-11

R59

C ? O2 = CO ? O

1.58 9 10-11

R60

CO ? F = CFO

1.29 9 10-11

R61

F = F(s) ? CF3 = CF4
? CF2 = CF3
? CF = CF2
? F = F2
? C = CF
? C2F3 = C2F4
? O = FO

f(c), c = 0.05

R62

CF3 = CF3(s) ? F = CF4
? CF = C2F4
? C = C2F3

f(c), c = 0.05

R63

CF2 = CF2(s) ? F = CF3
? CF2 = C2F4
? CF = C2F3
? O = CF2O

f(c), c = 0.1

R64

CF = CF(s) ? F = CF2
? CF2 = C2F3
? CF3 = C2F4
? O = CFO

f(c), c = 0.1

R65

C = C(s) ? F = CF
? CF3 = C2F3
? O = CO

f(c), c = 1

R66

O = O(s) ? O = O2
? F = FO
? C = CO
? CF = CFO
? CF2 = CF2O

f(c), c = 0.1

R67

O(1d) = O

f(c), c = 1

A

B

C
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Table 1 continued
Rate coefficient [cm3/s]

Process

eth [eV]
R68

CF3? = CF3

R69

F? = F

R70

C2F3? = C2F3

A

B

C

t/dc,p
where
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
t  eTe =mi
dc = 0.5rl/(rhl ? lhr)

The rate coefficient for R1–R20 and R67 are from Refs. [16, 27, 28], for R21–R60 are from Ref. [29], and
for R61–66 are from Refs. [16, 25]

8 mTorr
25 mTorr

14

10

4

[cm ]

3
-3

2

13

1

nF , 10

Fig. 1 Comparison of measured
(dots) and model-predicted
(lines) fluorine atom densities in
CF4/O2 inductively coupled
plasma: 1, 2—p = 8 mTorr, 3,
4—p = 25 mTorr. Solid lines
represent our model while the
dashed lines correspond to the
model of Ref. [16]. The data on
Te and ne needed for our
calculations are also taken from
Ref. [16]

13

10

0.0

0.2

0.4

0.6

0.8

1.0

O2 fraction in CF4/O2

and etched samples. Therefore, in fact, we assumed a thin steady-state (non-reactive)
[35, 36] fluorocarbon layer that does not limit the transport of chemically active
species to the etched surface as well as does not result in the sufficient energy loss for
ions. The reasonability of these assumptions was confirmed in our earlier work [20].
According to Refs. [31, 32], the rate of ion-assisted chemical reaction can be expressed
as R ¼ ds0 ð1  hÞCF , where d is the stoichiometric coefficient for reaction products (for
example, d = 1 for SiF, d = 0.5 for SiF2, etc.), s0 is the sticking coefficient for F atoms on
the clean surface (s0 = 0.3–0.5 for F/SiO2 [9, 37]), h is the fraction of fluorinated surface,
CF  0:25nF tT is the F atom flux. The combination ds0(1 - h) is known as the reaction
probability. Assuming the ion-stimulated desorption (the sputtering of the fluorinated
layer) to be the main pathway for cleaning the etched surface form the reaction products,
the balance between free and fluorinated surface is determined by the equation of
ds0 ð1  hÞCF ¼ hYds Cþ , where Cþ  Jþ =e is the total flux of positive ions, and Yds is the
ion-type-averaged desorption yield. Finally, one can obtain


ds0 CF
R ¼ ds0 CF 1 
ð2Þ
ds0 CF þ Yds Cþ
Since the parameter Yds is not known, it was used as a free variable in order to obtain the
agreement between relative behaviors of experimental and model-predicted etching rates.
Similarly to Ys, the Yds was assumed to be proportional to the momentum transferred from
the incident ion to the surface in a single collision [9, 31]. In order to take into account the
dependence of Yds on process conditions, only the value of Y0ds corresponding to
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p = 6 mTorr and 50 % CF4 ? 50 % Ar gas mixture was set independently. The remaining
pﬃﬃﬃﬃ 

0 pﬃﬃﬃﬃ
values were calculated as Yds ¼ Yds
ei = e0i mi =m0i , where ei & e| - Uf - Udc| is the
incident ion energy, and mi is the effective ion mass. The last was simply evaluated through
the mole fractions of corresponding neutral species.

Results and Discussion
From Fig. 2, it can be seen that, as the O2 content in the CF4/Ar/O2 gas mixture increases
from 0 to 50 % (i.e. as the Ar is substituted for O2 and the transition from CF4/Ar to CF4/
O2 system takes place), the SiO2 etching rate shows the non-monotonic behavior with a
maximum of about 200 nm/min at 25 % Ar ? 25 % O2. The maximum etching rate is
about two times higher than one obtained in CF4/Ar plasma (*104 nm/min) and by 1.5
times exceeds the value for CF4/O2 plasma (*130 nm/min). An increase in gas pressure
for both Ar-rich (50 % CF4 ? 38 % Ar ? 12 % O2) and O2-rich (50 % CF4 ? 12 %
Ar ? 38 % O2) gas mixtures from 4 mTorr up to 6–7 mTorr causes an increase in the SiO2
etching rate by about 1.4 times. However, the furthermore rise of pressure turns the etching
rate down, so that at p = 10 mTorr the etching rates appear to be close to the starting
points. Therefore, similarly to the effect of Ar/O2 mixing ratio, the change of gas pressure
also causes the non-monotonic change of the SiO2 etching rate.
Assuming the SiO2 etching mechanism in CF4/Ar/O2 to be ion-assisted chemical
reaction, one can propose two principal reasons for the non-monotonic etching rate as a
function of Ar/O2 mixing ratio and gas pressure. The first is the so-called ‘‘bulk chemistry’’
effect connected with the non-monotonic flux of chemically active neutrals (in our case-F
atoms). Note that this reason serves as the main explanation for the non-monotonic SiO2
etching rate in the binary CF4/O2 gas system in both RIE and ICP systems. The second is
the so-called ‘‘surface chemistry’’ effect caused by the changes in reaction probability. For
the ion-assisted chemical reaction with a formation of low or moderately volatile reaction
products, the last parameter may be sensitive to the ion flux through the fraction of the
surface acceptable for chemical reaction (1 - h). All these pathways will be analyzed
below.
In order to obtain the data on plasma parameters, densities, and fluxes of active species,
we used a combination of plasma diagnostics and modeling. Figure 3 represents the results
of plasma diagnostics by Langmuir probes. From Fig. 3a, it can be seen that the transition
from Ar-rich to O2-rich plasma results in decreasing Te in the range of 3.6–3.4 eV. This
effect can be attributed to the increase in electron energy loss for the low-threshold
electronic excitation of O2 and other molecular species which appear in a gas phase as
products of plasma chemical reactions. The same behavior of Te with increasing gas
pressure (3.6–3.45 eV for Ar-rich plasma and 3.4–3.3 eV for O2-rich plasma at p = 4–
10 mTorr) is also connected with increasing electron energy loss due to increasing total
density of neutral species and electron-neutral collision frequency. Figures 3b, c show that
an increase in O2 content in the CF4/Ar/O2 gas mixture as well as in gas pressure reduces
the values of n? and J?. Particularly, as the composition of the feed gas changes from CF4/
Ar to CF4/O2 at constant p, the total density of positive ions (and thus, the electron density
assuming n? & ne) deceases from 4.2 9 1010 cm-3 to 3.2 9 1010 cm-3 that corresponds
to J? = 1.10–0.95 mA/cm2. This effect is probably caused by a combination of two
phenomena. First, since an increase in O2 content in a feed gas results in decreasing Te, it
suppresses the total ionization rate through the decreasing ionization rate coefficients for
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(a)
SiO2 etching rate [nm/min]

Fig. 2 Measured lowtemperature SiO2 etching rates as
functions of O2 mixing ratio
(a) and gas pressure (b) at
Winp = 900 W and
Wdc = 200 W: 1–p = 6 mTorr;
2–50 % CF4 ? 38 % Ar ? 12 %
O2 gas mixture; 3–50 %
CF4 ? 12 % Ar ? 38 % O2 gas
mixture. The solid lines given by
the cubic spline fitting of the
experimental points are to guide
the eye only
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all types of neutral species. The quite high sensitivity of ionization rate coefficients to Te is
determined by the condition of eiz  1215 eV [ ð3=2Þ Te , where eiz is the threshold
energy for ionization, and (3/2)Te is the mean electron energy [16, 28]. And secondly, an
increase in O2 content and the formation of other electronegative reaction products result in
the increasing decay rates for both positive ions and electrons through ion–ion recombination and dissociative attachment, respectively. It is obviously that the effect of gas
pressure works through the same pathways. Really, since an increase in gas pressure also
results in decreasing Te, the efficiency of ionization falls down. Also, as was repeatedly
mentioned in published works (for example, in Refs. [24, 30, 31]), an increase in gas
pressure in electronegative plasmas accelerates the decay of electrons in the dissociative
attachment processes. The last is accompanied by increasing both negative ion densities
and ion–ion recombination rates.
Figure 4 illustrates the influence of O2 content in a feed gas on kinetics and densities of
neutral species. In the non-oxygenated plasmas (i.e. in the 50 % CF4 ? 50 % Ar gas
system), the main sources of F atoms are R4, R6, and R8 that compose about 85 % of total
formation rate for this species. Among other processes resulting in formation of F atoms,
the noticeable contribution comes from R12 which is supported by the high F ? F2
recombination rate in R61. The remaining pathways of R61 are much less effective due to
lower densities of corresponding gaseous species.
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Fig. 3 Measured electron
temperature a, ion current density
b and total positive ion density
c as functions of O2 mixing ratio
(1) and gas pressure (2, 3) at
Winp = 900 W and
Wdc = 200 W: 1–p = 6 mTorr;
2–50 % CF4 ? 38 % Ar ? 12 %
O2 gas mixture; 3–50 %
CF4 ? 12 % Ar ? 38 % O2 gas
mixture. The solid lines given by
the cubic spline fitting of the
experimental points are to guide
the eye only
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An increase in O2 content in the CF4/Ar/O2 gas mixture at constant yCF4 noticeably
reduces the rates of R4, R6, and R8 even under the conditions of low-oxygenated
(yO2 \yAr ) plasmas (for example, by 2 times at 12 % O2). The reason is simultaneous
decrease in ne, nCF4 (3.5 9 1013–1.9 9 1013 cm-3 for 0–12 % O2), and nCF3 (4.9 9 1012–
1.9 9 1012 cm-3 for 0–12 % O2). The density of CF3 radicals decreases because of their
decomposition in R33, R34, R50, and R51 with the participation of O, O(1D) and CFO.
The behavior of nCF4 follows one for nCF3 because the main sources of CF4 molecules in
plasma chemical reaction are the CF3 ? CF4 transformations in R61 and R62. At the same

123

250

Plasma Chem Plasma Process (2014) 34:239–257

time, the addition of O2 introduces new channels for the formation of F atoms involving
CFO (R19) and CF2O (R20) as well as accelerates R12. The high generation rate (and thus,
the density) of CFO species is provided by R20 and R60 while the CF2O is effectively
formed in R51, R56 and R57. The acceleration of R12 is due to rapidly increasing F2
density (nF2 ¼ 1:0  1012 9:1  1012 cm3 for 0–12 % O2) because of formation of these
species in R58 and R61. As a result, the total F atom formation rate increases compared
with the CF4/Ar plasma that causes an increase in F atom density (nF = 5.8 9 1012–
2.6 9 1013 cm-3 for 0–12 % O2).
The furthermore addition of O2 in a feed gas and the transition to the high-oxygenated
(yO2 [ yAr ) plasmas keep all mentioned tendencies for reaction rates as well as introduce
more mechanisms for the formation of F atoms. Particularly, in the 50 % CF4 ? 50 % O2
gas mixture (yO2 ¼ 0:5 and yAr = 0) the rate of electron impact dissociation of FO species
(R18) stands together with R19 and R20 and exceeds the total effect of R4, R6, and R8.
The high formation rate and density of FO (8.1 9 1010–6.4 9 1012 cm-3 for 12–50 % O2)
are mainly provided by R30, R61 and R66. Also, the rates of atom-molecular processes
R30, R46–R48, and R54 increase together with increasing O2 content in a feed gas and,
finally, appear to be comparable with R18–R20. As can be seen from Fig. 4a, such situation leads to the monotonic increase (thought with some saturation effect) in F density
because of the same behavior of total F atom formation rate. Therefore, the substitution of
Ar by O2 at constant CF4 fraction in CF4/Ar/O2 gas mixture does not result in nonmonotonic behavior of F atom density. Note that the opposite tendencies of F and CFx
densities with increasing O2 content in a feed gas create a favorable condition for etching,
not for polymerization.
The data discussed above allow one to define clearly the differences between the threecomponent CF4/Ar/O2 (with constant yCF4 ) and ‘‘classical’’ two-component CF4/O2 gas
systems. In the CF4/O2 gas mixture, the addition of O2 at constant p results in a proportional decrease of CF4 fraction in a feed gas. This fact results in a faster decrease in the
densities of both CF4 and CF3 (compared with those mentioned by Fig. 4a) as well as in
slower increase in F2, CFO, CF2O, and FO densities. In fact, the formation rates for these
species appear to be strongly limited by the lack of fluorine coming with the feed gas. As a
result, the densities of F2, CFO, CF2O, and FO exhibit maximums in the range of 30–50 %
O2 that is directly reflected on the behavior of the F atom density through the nonmonotonic rates of R12, R18–R20 and R46–R48.
The behaviors of species densities versus gas pressure were found to be similar for any
fixed feed gas composition. In order to avoid repetitions, the modeling data in Fig. 5 and
the subsequent discussion are related to the highly-oxygenated plasma (50 % CF4 ? 12 %
Ar ? 38 % O2) only. In spite of increasing amount of CF4 molecules in a feed gas, the
densities of all CFx species, including the CF4 itself, demonstrate a decrease with
increasing gas pressure (for example, nCF4 ¼ 8:1  1010 6:4  1012 cm3 and nCF3 ¼
8:1  1010 6:4  1012 cm3 for 4–10 mTorr). Since the recombination of fluorocarbon
radicals in both bulk and surface reactions follow the general pathway CFx-1 ? CFx, the
density of higher-saturated species is closely connected with the density of lower-saturated
ones. An increase in gas pressure directly reduces the density of CF through their interaction with O2 molecules in R45, and the decrease in nCF pre-determines the similar
tendencies for other CFx species. The processes with the participation of O and O(1D) do
not work by the same way because of decreasing O2 dissociation degree toward higher
pressures. As a result, a growth of nO appears to be much slower than that for nO2 . It was
found also that an increase in gas pressure does not influence principally the F atom
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formation kinetics. Similarly to the previous case, in both low and high pressure ends the
main sources of F atoms are R12, R18–R20 and R46–R48. The monotonic increase in their
rates provides the monotonic change in F atom density in both Ar-rich (nF = 1.8 9 1013–
4.2 9 1013 cm-3 for 4–10 mTorr) and O2-rich (nF = 3.3 9 1013–8.2 9 1013 cm-3 for
4–10 mTorr) plasmas. Again, since the densities of F and CFx change by the opposite ways
as shown in Fig. 5a, an increase in gas pressure assists in the suppression of the
polymerization.
When analyzing the plasma chemistry in the Ar-containing plasmas, one must
remember about the possibility of stepwise bulk processes involving metastable atoms Ar
(3P0-2), further denoted as Arm. Since the free energy of these species em is about 11.6–
11.8 eV [38, 39], generally we can expect the contribution of stepwise dissociation for all
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molecular species which satisfy the condition eth \ em, where eth is the threshold energy for
dissociation shown in Table 1. Here, the species of primary interest are the CF4 and CF3
(as the main primary sources of F atoms) as well as the O2 molecules providing the
formation of FO, CFO and CF2O. According to Ref. [39], the rate coefficient for the
electron impact excitation of Arm can be expressed as 5.0 9 10-9T0.74
e exp (-11.56/Te) that
gives km = 5.2 9 10-10–4.1 9 10-10 cm3/s for 0–50 % O2 at p = 6 mTorr. The maximum rate of this process of about 8.5 9 1014 cm-3 s-1 corresponds to the non-oxygenated
(yAr = 0.5 and yO2 ¼ 0) CF4/Ar plasma and appears to be comparable with the total effect
of R4, R6 and R8 (*8.8 9 1014 cm-3 s-1). Therefore, assuming that all Arm species are
deactivated in the dissociative interactions with CF4 and CF3, the about 50 % contribution
of the stepwise dissociation to the total F atom formation rate seems to be possible.
However, in practice, we expect such contribution to be much lower, even negligible. The
reason is the fast heterogeneous loss of Arm which, at low pressures, dominates over other
decay channels. Really, when taking the rate coefficients for CF4 ? Arm = CF3 ? F ? Ar
and CF3 ? Arm = CF2 ? F ? Ar from Ref. [18] as kq = 6.0 9 10-11 cm3/s, one can
easily obtain that kq ðnCF4 þ nCF3 Þ  ks;Arm 5  103 s1 , where ks;Arm is the rate coefficient
for the heterogeneous loss of Arm given by Eq. (1) with c = 1 [21, 39]. The last conclusion
is directly confirmed by the experimental data of Hioki et al. [40]. Particularly, they have
found that there are no changes in both density and spatial profiles of Arm with the
additions of CF4 to Ar plasma at p = 5–15 mTorr while such changes take place at
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p [ 50 mTorr. The negligible role of Arm in the CFx dissociation kinetics was also
mentioned in Ref. [25] for the CF4/Ar ICP under the close range of experimental conditions and reactor geometry. It is evidently clear that the substitution of Ar by O2 in the CF4/
Ar/O2 gas mixture lowers the Arm excitation rate, so that at 10–12 % O2 the gap between
Rm and the sum of R4, R6, R8, R12, R19 and R20 reaches an order of magnitude. The
noticeable stepwise dissociation of O2 molecules can principally be possible at low O2
contents, when km nAr  ðk13 þ k14 ÞnO2 . The simple evaluations show that, since the
condition km nAr ¼ ðk13 þ k14 ÞnO2 takes place at yO2 ¼ 0:08, the stepwise dissociation of O2
can contribute the total formation rate for oxygen atoms only when the O2 content in the
gas mixture is less than 1 %. For such mixtures, even the complete dissociation of O2 does
not influence the kinetic and density of F atoms. All these allow one to conclude that, for
the given set of experimental conditions, the stepwise processes involving Ar metastable
atoms are not effective.
The data on plasma composition reported above allows one to analyze the SiO2 etching
mechanism using the relationships and assumptions discussed in ‘‘Modeling of etching
kinetics’’ section. From Eq. (2), it can be seen that the condition ds0 CF  Yds Cþ gives
h ? 0 (clean surface) and R  ds0 CF that corresponds to the neutral-flux-limited etching
regime. In this regime, assuming constant ds0 at constant surface temperature, one can
expect a monotonic increase in the SiO2 etching rate with both O2 fraction and gas pressure
following the behavior of F atom flux (Fig. 6a). Oppositely, the condition ds0 CF  Yds Cþ
pﬃﬃﬃﬃ
provides h ? 1 (fluorinated surface) and R  Yds Cþ . A small increase in ei (which is
mainly determined by the behavior of Udc (Fig. 6c), since Udc  Uf ) with increasing both
O2 fraction and gas pressure is almost completely compensated by the decreasing effective
ion mass. As a result, the Yds appears to be a very weak function of mentioned operating
parameters (for example, Yds = 4.2–4.3 for Ar-rich gas mixture and 3.6–3.7 for O2-rich gas
mixture at p = 4–10 mTorr and Y0ds = 4.5), and the SiO2 etching rate should follow the
monotonic behavior of Cþ (Fig. 6b). In our case, since the monotonic fluxes of both F
atoms and positive ions has no direct correlation with the behavior of the SiO2 etching rate,
no one pure etching regime is realized. Therefore, for the given set of experimental
conditions, we consider the transitional regime of ion-assisted chemical reaction where the
etching rate is controlled by neutral and ion fluxes together and which is described by the
full Eq. (2). From Fig. 7, it can be seen that, at Y0ds = 5, Eq. (1) provides the reasonable
agreement between model-predicted and measured relative etching rates. In our opinion,
the value of Y0ds = 5 look quite rational though it exceeds the Ar? ion induced SiO2
sputtering yield by more than an order of magnitude. The reason is that the sputtering of
the partially fluorinated layer appears to be much easier (i.e. with lower threshold energy)
compared with the original SiO2 surface. The similar results were obtained in Refs. [9, 31,
32]. The model-based analysis of etching kinetics allows one to explain the non-monotonic
SiO2 etching rates as follows. In CF4/Ar plasma, the etching process occurs with a relatively clean surface (h - 0.3, see Fig. 7a) and thus, is closer to the neutral-flux-limited
etching regime. An increase in the O2 fraction in a feed gas causes increasing fluorination
rate (through increasing CF ) and simultaneously retards the ion-stimulated desorption of
reaction products (through decreasing Cþ ). All these result in increasing fraction of
fluorinated surface (h = 0.3–0.9 for 0–50 % O2 at p = 6 mTorr) and thus, in decreasing
reaction probability ds0(1 - h). And namely the combination of increasing CF and
decreasing reaction probability creates the non-monotonic behavior of the SiO2 etching
rate. It should be noted also that, for the given CF and Cþ , the value h = 0.5–0.6 serves as
a border between the neutral-flux and ion-flux-limited etching regimes. Therefore, one can
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say also that an increase in the O2 fraction in a feed gas results in the transition between
neutral-flux and ion-flux-limited etching regimes while the non-monotonic etching rate is
because of the opposite changes of CF and Cþ .
Since the variation of gas pressure for both Ar-rich and O2-rich gas mixtures also results
in the opposite behaviors of CF and Cþ , the changes in the etching mechanism have no
principal differences with the effect of gas mixing ratio discussed above. We would like to
note only that, though the model demonstrates principally the non-monotonic effect of gas
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pressure on the SiO2 etching rate, the agreement with experiments is worse than that for the
effect of gas mixing ratio. In our opinion, such situation is because of many model
simplifications. Particularly, the accounting for an increasing gas temperature in the range
of 600–900 K for 4–10 mTorr (parametrically, not from the experiment) makes Figs. 7b, c
to be much better. The reason is that the CF increases faster (3.5 9 1017–
1.1 9 1018 cm-2 s-1 for 12 % O2 and 6.6 9 1017–2.1 9 1018 cm-2 s-1, i.e. by about 3.1
times) than that at constant T (by about 2.4, see Fig. 6a). As a result, the maximum on the
model-predicted etching rate appears at lower pressures (due to faster saturation of the
etched surface by the reaction products) while the etching rate itself falls deeper after
reaching the maximum. For example, one can obtain R/R0 * 0.9 for low-oxygenated
(12 % O2) plasma and *0.7 for high-oxygenated (38 % O2) plasma at p = 10 mTorr. It is
clear that these model-predicted values are much closer to the experimental ones (0.82 and
0.62, respectively) than those shown by the solid lines in Fig. 6 b,c.
Finally, we would like to note that the described model provides rather qualitative than
quantitative analysis of the SiO2 etching mechanism because of many limitations in primary assumptions. At the same time, the model clearly demonstrates how the system with
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opposite monotonic changes in both ion and chemically active neutral fluxes can result in
the non-monotonic etching rate.

Conclusions
In this work, we investigated how the feed gas composition (Ar/O2 mixing ratio at constant
50 % CF4 fraction) and gas pressure influence plasma parameters, densities of active
species, and the etching mechanism for low-temperature SiO2 films in the CF4/Ar/O2
inductively coupled plasma. It was found that that an increase in O2 content in the CF4/Ar/
O2 gas mixture in the range of 0–50 % (i.e. the transition from CF4/Ar to CF4/O2 system)
results in the non-monotonic SiO2 etching rate. Similar effect was also found for the
change in gas pressure from 4 to10 mTorr at any fixed feed gas composition. The zerodimensional plasma model with Langmuir probe diagnostics data showed that the densities
and fluxes of F atoms and positive ions exhibit opposite monotonic behaviors versus
chosen input parameters. The model-based analysis of etching kinetics demonstrated that
the non-monotonic effects of the SiO2 etching rate are connected with the decrease in the
reaction probability and with the transition from neutral-flux to ion-flux-limited regimes of
ion assisted chemical reaction, but do not result from with the non-monotonic change of
fluorine atom density, as was found in several works for the binary CF4/O2 system.
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