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ABSTRACT

In this study, the SiO2 etch characteristics of perfluorocarbon such as C4F8, C5F8, and C7F8 were investigated
using inductively coupled plasmas (ICPs) to study the effect of a high C/F ratio on the etch characteristics of
SiO2 for the ICP. The SiO2 rates and etch selectivities over Si3N4 and amorphous carbon layer (ACL) were
measured by using the mixtures of Cx(x = 4,5, 7)F8/Ar/O2. The higher C/F ratio of perfluorocarbon showed lower
SiO2 etch rate but exhibited higher etch selectivities over Si3N4 and ACL due to the higher C2 while keeping the
similar F in the plasma as observed by optical emission spectroscopy and due to the thicker fluorocarbon layer
with more carbon-rich fluorocarbon on the materials surface as observed by X-ray photoelectron spectroscopy.
Especially, C7F8 is environmentally benign material because it not only has a relatively low global warming
potential but also can be captured easily using a capture system (a liquid state at the room temperature).
Therefore, C7F8 could be applicable as one of the next generation perfluorocarbon etching materials.

Keywords: Inductively Coupled Plasma (ICP), SiO2 Etching, Perfluorocarbon, Global Warming Potential
(GWP), Liquid Fluorocarbon (PFC).

1. INTRODUCTION
In semiconductor industries, as ultra large scale integrated
(ULSI) devices such as logic devices and new mem-
ory devices are scaled down to deep nanoscale, mul-
tiple patterning technologies such as double patterning
technology (DPT) and quadruple patterning technology
(QPT) have become an essential part and high selec-
tive SiO2 etching processes have become increasingly
required [1–4]. Many perfluorocarbons (PFCs) such as
CF4, c-C4F8 and C4F6 are widely used for the dry etch-
ing of SiO2 especially using capacitively coupled plasma
(CCP) etcher because of the requirements of high aspect
ratio and high etch selectivity over mask layers such
as photoresist (PR) and amorphous carbon layer (ACL)

∗Author to whom correspondence should be addressed.

and/or Si3N4. However, as shown in Table I, except for
C4F6 (GWP100yr∼260), these traditional PFC gases such
as CF4 (GWP100yr∼6,500) and c-C4F8 (GWP100yr∼9,500)
are long-lived in the atmosphere and have high global
warming potentials (GWP) [5, 6]. It results in significant
environmental drawbacks in their continued use for next
generation dry etching processes [7–9]. That is, after the
etch processing, these PFC gases are not fully dissociated
using a scrubber system, therefore, these global warming
gases can be emitted to the atmosphere.
To resolve the global warming problems of PFC gases

used in the etching, many researches such as the use of
low GWP PFCs, the improvement of scrubber system,
etc. have been investigated previously [10–14]. One of the
additional methods in decreasing the emission of PFCs to
the atmosphere after the etch processing is to use liquid
state PFCs (c-C5F8, C7F8, etc.) instead of gas state PFCs
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Table I. Atmospheric life time and global warming potential (GWP)
of various perfluorocarbon gases from IPCC IR5 [5].

Acronym, Chemical Atmospheric
Chemical name formula lifetime (years) GWP100

Carbon tetrafluoride CF4 50000 6630
Perfluorocyclobutane c-C4F8 3200 9540
Hexafluoroethane C2F6 10000 9200
Octafluoropropane C3F8 2600 7000
Perfluorocyclopentene C5F8 31 days 2
Octafluorotoluene C7F8 3000 4665

(c-C4F8, CF4, etc.) which can be easily captured, removed,
and even recycled after the processing by installing a
recycle/capture system before the scrubber system to
reduce the potential emission of PFCs to the atmosphere
further [15, 16].
In this study, the etch characteristics of liquid state PFCs

such as c-C5F8 and C7F8 were compared with the gas
state PFC such as c-C4F8 to investigate the possibility in
replacement of gas state PFCs to liquid state PFCs while
varying C/F ratios of PFCs, and which is known to be
important in determining the etch rates and etch selec-
tivities among materials such as SiO2, PR, ACL, Si3N4,
etc. by varying the C–F polymer thickness on the mate-
rials surfaces. Especially, in this study, instead of using
a CCP etcher which is generally used for the dielectric
material etching for high etch selectivities, an inductively
coupled plasma (ICP) etcher has been used and the effect
of C/F ratio on the etch rates and etch selectivities were
investigated.

2. EXPERIMENTAL DETAILS
A schematic illustration of the experimental setup for the
etching with liquid state and gas state PFCs is shown in
Figure 1. The inductively coupled plasma (ICP) system
used in this study was composed of a spiral Cu coil sep-
arated by a 1 cm thick quartz window located on the
top of the process chamber. 13.56 MHz RF power was

Fig. 1. Schematic of an inductively coupled plasma (ICP) etching sys-
tem for the etching with liquid state and gas state PFCs.

applied to the coil to generate inductively coupled plasmas
and 12.56 MHz RF power was applied to the substrate to
induce DC-self bias voltages to the substrate. To use liq-
uid state PFCs, a gas line heating system was connected
to the ICP system. As liquid state PFCs, PFCs with dif-
ferent boiling points such as c-C5F8 (boiling point: 27 �C)
and C7F8 (boiling point: 106 �C) were used and, to vapor-
ize and deliver the liquid state PFCs in canisters to the
process chamber without any carrier gases such as N2 or
He, the temperatures of the canisters for C5F8 and C7F8

were maintained at 30 �C and 110 �C, respectively, using
a heating jacket.
The samples were 1500-nm SiO2, 300-nm Si3N4, and

500-nm ACL grown a p-type Si wafer. For the etching
experiment, the PFCs such as c-C4F8, c-C5F8, and C7F8

delivered to the process chamber were mixed with Ar and
O2. The flow rate of O2 was varied from 0 to 75 sccm
while fixing the flow rate of Ar at 30 sccm. The pro-
cess chamber pressure was maintained at 10 mTorr and
the source power and negative bias voltage were fixed at
500 W and −240 V, respectively.
To analyze etch rates and etch selectivities of these

samples, etched depths were measured by using a step
profilometer (KLA-Tencor, Alpha-Step D-500 Stylus Pro-
filer). The fluorocarbon polymer layers formed on the
surface of etched SiO2 with three types of PFCs were ana-
lyzed by using X-ray photoelectron spectroscopy (XPS,
Fisons Instruments Surface Systems ESCALAB 220i) and
the relative amount of dissociated radicals produced in
the plasmas with different PFCs were observed by using
optical emission spectroscopy (OES, Isoplane SCT3200,
Andoristar 734). The etch profiles of SiO2 were observed
by field-emission scanning electron microscopy (Hitachi
S-4700) using a 2 �m-thick SiO2 on Si which was
masked with 1400 nm thick and 100 nm diameter bar pat-
terned ACL.

3. RESULTS AND DISCUSSION
Figure 2(a) shows the etch rates of SiO2 measured as a
function of O2 gas flow rate (0∼60 sccm) while main-
taining the flow rates of C4F8/Ar, C5F8/Ar, or C7F8/Ar at
30/30 sccm and the operating pressure at 10 mTorr. The
ICP source power and bias voltage were fixed at 500 W
and −240 V, respectively. As shown in Figure 2(a), for
C4F8 and C5F8, without oxygen flow, the SiO2 etch rates
were ∼510 nm/min for C4F8 and ∼400 nm/min of C5F8.
And, the addition of O2 flow rate initially increased the
SiO2 etch rates slightly to ∼570 nm/min for C4F8 and
∼486 nm/min for C5F8. However, the further increase
of O2 flow rate gradually decreased the SiO2 etch rate
to 450 nm/min for C4F8 and ∼430 nm/min for C5F8 at
60 sccm of O2. In the case of C7F8, without the flow of
O2 (that is, C7F8/Ar only), instead of etching of SiO2, the
deposition of a fluorocarbon layer was observed on the
SiO2 surface and, with the addition and increase of the
O2 flow rate to 45 sccm, the SiO2 was etched and the
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Fig. 2. (a) SiO2 etch rates and (b) SiO2 etch selectivities over Si3N4 and ACL in C4F8/Ar/O2, C5F8/Ar/O2, and C7F8/Ar/O2 plasmas as a function
of O2 gas flow rate. The flow rates of C4F8c/Ar, C5F8/Ar, and C7F8/Ar were 30/30 sccm and the operating pressure was maintained at 10 mTorr
(at 500 W of source power and −240 V of bias voltage).

etch rate was increased to ∼290 nm/min, however, the fur-
ther increase of O2 flow rate to 60 sccm did not change
the SiO2 rate noticeably. The maximum SiO2 etch rates
for C4F8, C5F8, and C7F8 were observed at the O2 flow
rates of 5, 15, and 45 sccm, respectively, therefore, the

Fig. 3. Optical emission spectra for the ranges of (a) 150∼1000 nm, (b) 510∼520 nm, and (c) 699∼705 nm of optimized CxF8/Ar/O2 plasmas;
C4F8(30)/Ar(30)/O2(5), C5F8(30)/Ar(30)/O2(5), and C7F8(30)/Ar(30)/O2(30).

maximum etch rate was observed at the higher O2 flow
rate for the gas with the higher C/F ratio due to higher car-
bon (higher probability in polymer formation on the SiO2

surface) in the fluorocarbon gas. In addition, the maximum
SiO2 etch rate was also lower for the gas with the higher
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C/F ratio [17, 18]. The decrease or saturation of SiO2 etch
rate at the high O2 flow rates is believed to be related to the
decreased residence time of the F radicals in the plasma.
Figure 2(b) shows the etch selectivities of SiO2 over

Si3N4 and ACL as a function of O2 flow rate (0∼60 sccm)
for the conditions in Figure 2(a). As shown in Figure 2(b),
the etch selectivities of SiO2/Si3N4 and SiO2/ACL were

(a)

(b)

In
te

n
si

ty
 (

C
o

u
n

ts
)

(c)

In
te

n
si

ty
 (

C
o

u
n

ts
)

In
te

n
si

ty
 (

C
o

u
n

ts
)

280 282 284 286 288 290 292

280 282 284 286 288 290 292

280 282 284 286 288 290 292

Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

10000

15000

20000

25000

30000

35000

40000

10000

15000

20000

25000

30000

35000

40000

10000

15000

20000

25000

30000

35000

40000

Fig. 4. XPS analysis of the etched SiO2 samples for the opti-
mized (a) C4F8(30)/Ar(30)/O2(5), (b) C5F8(30)/Ar(30)/O2(5), and
(c) C7F8(30)/Ar(30)/O2(30) plasmas.

initially increased with the addition and increase of O2

flow rate to 5 sccm for C4F8 and C5F8 and to 30 sccm for
C7F8, however, at the higher O2 flow rate, the etch selec-
tivities were decreased due to the increased etch rates of
Si3N4 and ACL in addition to the decrease/saturation of
SiO2 etch rates. Among three PFCs, the C7F8 (the opti-
mized condition; C7F8(30)/Ar(30)/O2(30)) exhibited the
highest SiO2 etch selectivities over Si3N4 and ACL of 4.2
and 3.7, respectively, due to the highest C/F ratio in the
PFC even though the SiO2 etch rate was a little lower than
those by C4F8 (∼570 nm/min with the optimized condi-
tion of C4F8(30)/Ar(30)/O2(5)) and C5F8 (∼485 nm/min
with the optimized condition of C5F8(30)/Ar(30)/O2(5)) To
understand the differences in etch rates and etch selectiv-
ities among PFCs with different C/F ratios, the species
dissociated in the plasmas with these three PFC gases at
the optimized conditions were investigated using OES and
the fluorocarbon polymer layers remaining on the SiO2

surface after the etching were examined by XPS.
Figure 3(a) shows the optical emission peaks and inten-

sity ratios of the species such as O (777, 785, and
844 nm), F (701, 704 nm), Ar (750 nm), C (387∼407 nm),
C2 (473.7, 516.5, and 556.5 nm) for the wide ranges of
150∼1000 nm at the respective plasmas for C4F8 (the opti-
mized condition; C4F8/(30)/Ar(30)/O2(5)), C5F8 (the opti-
mized condition; C5F8(30)/Ar(30)/O2(5)), and C7F8 (the
optimized condition; C7F8(30)/Ar(30)/O2(30)) [19]. Espe-
cially, C2 peak is dominant in these plasmas due to
severe dissociation of perfluorocarbon by ICP. Increase
in the emission intensity of the C2 peak while keeping
the F peak intensity for higher C/F ratio PFC plasma
conditions were observed in Figure 3(b) for the nar-
row ranges of 510∼520 nm and (c) for the narrow
ranges of 699∼705 nm. Therefore, the lower etch rate of
SiO2 for C7F8/Ar/O2 plasma compared to those for other
CxF8/Ar/O2 plasmas was related to comparatively having
more carbon while maintaining similar fluorine radicals.
To investigate the reason for the difference of etch

rate for etch gases chemistry, SiO2 surface after etched
was examined with XPS. Figure 4 shows the C1s nar-
row scan data measured on the SiO2 surface etched
using the optimized conditions of Figure 2. The bind-
ing energy peaks of carbon related to C–Si (∼283.0 eV),
C–C (284.8 eV), C–CF (∼287.7 eV), CF (∼289.0 eV)
and CF2 (∼291.0 eV) were observed which indicate
the formation of fluorocarbon layer on SiO2 surface.

Table II. Composition of the SiO2 surface etched using C4F8/Ar/O2,
C5F8/Ar/O2 and C7F8/Ar/O2.

Si2p O1s F1s C1s Total
Etch gas (%) (%) (%) (%) (%)

C4F8/Ar/O2 5.0 4.0 59.7 31.3 100.0
C5F8/Ar/O2 4.7 5.0 49.1 41.2 100.0
C7F8/Ar/O2 4.3 3.5 48.6 43.6 100.0
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Fig. 5. (a) SiO2 etch rates and (b) SiO2 etch selectivities over Si3N4 and ACL in C7F8/Ar/O2 plasmas as a function of bias voltage from −240 to
−400 V by 12.56 MHz bias power. 13.56 MHz ICP power was 500 W, C7F8/Ar/O2 = 30/30/30 sccm, and operating pressure was 10 mTorr.

And, with increasing C/F ratio in the PFCs, a fluoro-
carbon layer with a less fluorine-containing carbon was
observed. Table II shows the composition of SiO2 sur-
face exposed to the optimized conditions of C4F8/Ar/O2,
C5F8/Ar/O2, and C7F8/Ar/O2 plasmas. The carbon percent-
age was ∼43.6% for C7F8/Ar/O2 while it was 41.2% for
C5F8/Ar/O2 and ∼31.3% for C4F8/Ar/O2. The fluorine per-
centage was ∼48.6% for C7F8/Ar/O2 while it was 49.1%
for C5F8/Ar/O2 and ∼59.7% for C4F8/Ar/O2. Therefore,
the most carbon-rich fluorocarbon layer was obtained for
the C7F8/Ar/O2 while the most fluorine-rich fluorocarbon
layer was obtained for the C4F8/Ar/O2. In the case of sili-
con, the highest C/F ratio of the PFC exhibited the lowest
silicon percentage on the etched SiO2 surface indicating
the thickest fluorocarbon layer on the SiO2 surface for the
C7F8/Ar/O2. It is believed that the thickest fluorocarbon
layer with carbon-rich fluorocarbon for the C7F8/Ar/O2 is
related to the lowest SiO2 etch rate and also to the highest
etch selectivity over ACL and Si3N4.
With the optimized C7F8(30)/Ar(30)/O2(30), SiO2 etch

characteristics were further investigated at higher bias
power conditions from −240 to −400 V. SiO2 etch rates
and etch selectivities over Si3N4 and ACL measured as a
function of bias voltage are shown in Figures 5(a) and (b),
respectively. The increase of bias voltage to −400 V
increased the SiO2 etch rate to ∼350 nm/min without satu-
ration. However, the etch selectivities over ACL and Si3N4

were the maximum at −320 and −360 V, respectively,
and the further increase of bias voltage decreased the etch
selectivities due to the increased etch rates of ACL and
Si3N4 with increasing bias voltage. The highest etch selec-
tivities of SiO2 with the optimized C7F8(30)/Ar(30)/O2(30)
were 6.4 at −320 V for ACL and 7.2 at −360 V for Si3N4.

4. CONCLUSION
In this study, the SiO2 etch characteristics of C4F8/Ar/O2,
C5F8/Ar/O2, and C7F8/Ar/O2 were compared using

an inductively coupled plasma system. For the same
13.56 MHz RF source power (500 W) and 12.56 MHz
bias voltage conditions (−240 V), the SiO2 etch rates
were lower for C7F8/Ar/O2 than for C4F8/Ar/O2 and
C5F8/Ar/O2, however, SiO2 etch selectivities over the
Si3N4 and ACL were higher for C7F8/Ar/O2 than those
for C4F8/Ar/O2 and C5F8/Ar/O2. The lower etch rate and
the higher etch selectivity for the C7F8/Ar/O2 than other
gases were related to higher carbon (C2) while keeping
nearly constant fluorine radicals in the plasma. XPS anal-
ysis of the fluorocarbon layer on the etched SiO2 surface
also exhibited thickest fluorocarbon layer with the most
carbon-rich fluorocarbon for the C7F8/Ar/O2, and which is
believed to be related to the lowest SiO2 etch rate and also
to the highest etch selectivity over ACL and Si3N4. By fur-
ther optimizing the bias voltage for C7F8/Ar/O2, the SiO2

etch rate of ∼300 nm/min and the etch selectivities over
Si3N4 and ACL of 7.2 (at −360 V) and 6.4 (at −320 V),
respectively, could be obtained. Due to high SiO2 etch
rates and etch selectivities over ACL and Si3N4 in addition
to the overall low global warming effect, it is expected that
C7F8 could be an alternative low GWP etch material for
the next generation semiconductor industries.
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