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ABSTRACT

Next generation semiconductor devices require ultra low dielectric constant (ULK) materials such as porous
SiCOH on the back end of line structure for lower resistance and capacitance (RC) time delay, however,
these ULK materials are easily damaged by the exposure to plasmas during the etching. In this study, etch
characteristics of nanoscale TiN masked porous SiCOH such as etch rate, etch profile, surface damage, etc. and
plasma characteristics by using C3H2F6 based gases have been investigated with a dual-frequency capacitively
coupled plasma system (DF-CCP) and the results were compared with those by using conventional C4F8 based
gases used for low-k dielectric etching. The results showed that, for the similar etch rates and etch profiles of
porous SiCOH, lower sidewall damage was observed for the etching with the C3H2F6 compared to the C4F8.
The analysis showed that it was related to less UV (less than 400 nm) emission and less fluorine radicals in
the plasma for C3H2F6 compared to C4F8, which leads to less fluorine diffusion to the sidewall surface of the
etched porous SiCOH by the fluorine scavenging by hydrogen in C3H2F6.

Keywords: Back End of Line (BEOL) Interconnect, Porous Low-k Dielectric, RC Time Delay, Plasma Induced
Damage, Liquid Fluorocarbon (PFC), Plasma Etching, Global Warming Potential (GWP).

1. INTRODUCTION
Semiconductor integrated circuits have been scaling down
continuously for enhanced speed, high yield, low cost,
etc. However, as the integrated circuit is decreased to
nanoscale, resistance and capacitance (RC) time delay in
the metal interconnection has become higher than the
gate delay of the complementary metal oxide semiconduc-
tor (CMOS) by the decrease of metal thickness and the
decrease of dielectric distance between metals [1].
To reduce the RC time delay in the Back End Of Line

(BEOL) interconnect, the metal has changed from alu-
minum to copper for lower resistivity, and in the case of

∗Author to whom correspondence should be addressed.
†These two authors contributed equally to this work.

dielectric material, SiO2 has changed to dielectric materi-
als with lower dielectric constant (low-k) for lower capac-
itance [2, 3]. A low-k material, which is normally called
SiCOH, has a lower dielectric constant value of ∼3.0 by
adding a methyl group in SiO2, and which makes the mate-
rial lower polarized and with longer atomic distance. And,
to reduce dielectric constant further, pores were introduced
in the SiCOH to have the dielectric constant lower than
2.6 [4–6]. However, porous SiCOH is very easily damaged
during the plasma etching process. Conventional plasmas
for SiCOH etching have reactive/nonreactive ions, reac-
tive radicals, and UV/VUV photons and, it is known that,
they break Si-CH3 bonds in the SiCOH film and the film
structure is changed to SiOx-like material which makes
dielectric constant high. Furthermore, the film property is
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also changed from hydrophobic to hydrophilic and the film
tends to uptake moisture easily, and which degrades RC
time delay [7].
It is important to reduce the RC time delay caused by

the plasma damage of the low-k dielectric materials and
recent studies showed the reduction of plasma damage for
porous SiCOH by using plasma etching methods such as
pulsed plasma etching and cryogenic temperature etching
with conventional fluorocarbon based gas such as C4F8.
For the pulsed plasma etching, the plasma damage was
reduced through the porous SiCOH sidewall protection by
forming a thick fluorocarbon sidewall passivation layer
during the pulse-off time. And, for the cryogenic temper-
ature etching, the lower plasma damage was obtained by
the decreased reaction of fluorine radicals in the plasma
with the sidewall porous SiCOH layer [8, 9].
In addition to the above methods, the use of differ-

ent fluorocarbon based gases including hydrofluorocarbon
gases such as CHF3, CH2H2, etc. has been investigated
to decrease the plasma damage of porous SiCOH materi-
als by increasing the fluorocarbon passivation layer on the
porous SiCOH sidewall, by decreasing the F radicals in
the plasma, by decreasing the UV/VUV radiation inten-
sity emitted in the plasma, etc. [10–12]. Among these
gases, CH2F2 needs high amount of O2 gas as an addi-
tive for porous SiCOH etching due to high polymeriza-
tion property [11]. Though it is essential to add O2 gas
for controlling the etchant density in the plasma etching
process and the sidewall polymer thickness, it was also
reported that O radicals from the plasma affects the porous
SiCOH damage by depleting carbon from the low-k mate-
rial, so excessive O2 addition is not preferred in the low-k
etching process [7, 13]. In addition, these days, due to
the Kyoto Protocol which controls the global warming
potentials (GWPs) in the world, it is also required to use
fluorocarbon-based gases with a low GWP values. Among
the above gases, CHF3 has a high global warming poten-
tial (GWP) value (GWP100yr ∼ 12,400) even higher than
that (GWP100yr ∼ 9,540) of C4F8 while CH2F2 has a very
low GWP value of 677 [14].
Among various hydrofluorocarbon gases, C3H2F6 is one

of hydrofluorocarbon gases that has a balanced F/C ratio
of 2.0 similar to C4F8 and a higher (F-H)/C ratio in

Table I. Material characteristics of perfluorocarbon and hydroflurocarbon used for the etching process. GWP100 yr and lifetime value is form the fifth
assessment report (AR5) of the united nations intergovernmental panel on climate change (IPCC) [15].

F/C Ratio
Acronym, Chemical ((F-H)/C Boiling point Lifetime
chemical name formula Ratio) (�C) GWP100 yr (years)

Carbon tetrafluoride (PFC-14) CF4 4 −127 6, 630 50,000
Perfluorocyclobutane (PFC-318) c-C4F8 2 −6 9, 540 3,200
Perfluorabuta-1,3-diene C4F6 1.5 −6.5 <1 1.1 (days)
Fluoroform (HFC-23) CHF3 3 (2) −82.1 12, 400 222
Difluoromethane CH2F2 2 (0) −52 677 5.2
HFC-236ea C3H2F6 2 (1.33) 6.5 1, 330 11

comparison of CH2F2 which needs excessive O2 addition
for the etching to control etchant density in the plasma.
In the view of the environmental impact, C3H2F6 has a
lower GWP value (GWP100yr ∼ 1,330) compared to CHF3

(GWP100yr ∼ 12,400). Also, it is a liquid state at 0 �C
(liquid hydrofluorocarbon; L-HFC) by having the boiling
point of ∼6.5 �C, therefore, it can be effectively captured
by using a cold trap at the pump site before emitting to the
atmosphere. The GWP values and boiling points of per-
fluorocarbon gases and hydrofluorocarbon gases used for
etching dielectric materials including C3H2F6 are shown in
Table I. Therefore, in this study, the etch characteristics of
porous SiCOH such as etch rate, etch profile, the amount
of plasma damage, etc. using C3H2F6 have been investi-
gated with a dual-frequency capacitively coupled plasma
system (DF-CCP) with RF source (60 MHz) and RF bias
(2 MHz) and the results were compared with those by
using conventional fluorocarbon gas such as C4F8 used for
dielectric material etching.

2. EXPERIMENTAL DETAILS
In this study, a DF-CCP etch system made of anodized
aluminum as shown in Figure 1 was used to etch porous
SiCOH. One 60 MHz RF power (Pearl CF-3000) was
connected to the top electrode with a shower head for
the control of plasma density and a 2 MHz RF power
source (Nova-50A) was connected to the bottom electrode
holding the substrate for the control of ion energy to the
substrate [15]. The distance between two electrodes was
∼50 mm and both top and bottom electrodes were cooled
at room temperature by a chiller. For the vacuum environ-
ment, a turbo molecular pump (3200 1/s) backed by a dry
pump was used. For the porous SiCOH etching, the operat-
ing pressure was maintained at 30 m Torr and two different
gas mixtures, C4F8/O2/Ar/N2 and C3H2F6/O2/Ar/N2, were
used for porous SiCOH etching at the same RF power
condition.
A 150 nm thick porous SiCOH (k = 2.5, Porosity =

20%) was deposited by plasma enhance chemical vapor
deposition (PECVD) after the deposition of 600 nm thick
SiO2 and 20 nm thick SiCN sequentially on Si wafer for
good adhesion also by PECVD. Patterned SiON/TiN/SiON
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Fig. 1. Schematic diagram of a DF-CCP etch system used in this
study. QMS and OES were attached at the center of the etch system
for the plasma analysis.

multilayer structure deposited by PECVD was used as
the hard mask of porous SiCOH etching for good etch
selectivity.
After the etching of patterned porous SiCOH, a field

emission scanning electron microscope (FE-SEM, Hitachi
S-4700) was used for the evaluation of etch rate and
etch profile including the measurement of opening dimen-
sion and sidewall angle. Plasma damage was also eval-
uated with FE-SEM before and after dipping the etched
samples in a diluted (0.5%) HF solution for 60 s. In
addition, to investigate surface chemical binding states of
fluorocarbon polymers deposited on the porous SiCOH
sidewall surface after the etching, X-ray photoelectron
spectroscopy (XPS, VG Microtech Inc. ESCA2000) was
used. The optical emission intensities of the UV wave-
lengths and from dissociated species in the plasmas were
measured using optical emission spectroscopy (OES) using
an optical emission spectrometer (OES, Isoplane SCT
3200; 150∼1000 nm of wavelength, the blaze wavelength
as 300 nm, and the grating of 1200 g/mm) installed at one
of the sidewall windows (made of quartz) of the chamber
as shown in Figure 1. Also, a quadrupole mass spectrom-
eter (QMS, PSM003, Hiden Analytical) with an energy
resolution of 0.05 eV was also attached at the chamber
sidewall as shown in Figure 1 for the detection of the dis-
sociated positive ion species in the plasmas.

3. RESULTS AND DISCUSSION
For the etching of porous SiCOH, as the main etch
gases, C4F8/O2 and C3H2F6/O2 were used and Ar/N2 (Ar
(190 sccm)/N2 (20 sccm) for C4F8 and Ar (150 sccm)/N2
(40 sccm) for C3H2F6) were added as the additive gases
for enhanced ion bombardment and plasma stability. Total
gas flow rates were maintained at 270 sccm and the
total flow rate of oxygen and fluorocarbon gas were
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Fig. 2. Porous SiCOH etch rates measured as a function of O2 flow
rate while maintaining C4F8 +O2 at 60 sccm and C3H2F6 +O2 at
80 sccm. Total gas flow rate of C4F8(C3H2F6)/Ar/O2/N2 was 270 sccm.
80 W of 60 MHz RF power was applied to the top electrode as the
source power and 2 MHz RF power was applied to the substrate to
maintain −600 V of bias voltage.

varied while maintaining the flow rate of C4F8 +O2 at
60 sccm and C3H2F6 +O2 at 80 sccm for the optimized
porous SiCOH etch conditions for both etch gases (that is,
higher C3H2F6 +O2 flow rate due to heavy polymeriza-
tion for C3H2F6). The operating pressure was maintained
at 30 mTorr. 60 MHz RF source power was kept at 80 W
while the bias voltage was kept at −600 V using 2 MHz
RF bias power. Figure 2 shows the etch rates measured as
a function of oxygen flow rate while keeping total flow
rate of C4F8 +O2 and C3H2F6 +O2 at 60 and 80 sccm,
respectively. The different total flow rates of C4F8 +O2

and C3H2F6 +O2 were used to optimize the etch char-
acteristics for each gas. As shown in the Figure 2, for
C4F8/O2/Ar (190 sccm)/N2 (20 sccm), the increase of O2

flow rate (with the decreased C4F8 flow rate) increased
porous SiCOH etch rate from 1.1 to 2.1 nm/s with the
increase of O2 flow rate from 0 to 30 sccm even though
the porous SiCOH etch rate was almost saturated at the O2

flow rate higher than 20 sccm. In the case of C3H2F6/O2/Ar
(150 sccm)/N2 (40 sccm), when no oxygen was added, the
deposition of a thick polymer layer on the porous SiCOH
surface without etching was observed, and the porous
SiCOH etching was observed when the oxygen flow rate
higher than 20 sccm was added, and, with increasing
the oxygen flow rate from 20 to 50 sccm, the porous
SiCOH etch rate was almost linearly increased from 1.5
to 2.3 nm/s without saturation.
Figure 3 shows the etch profiles observed for the porous

SiCOH after the etching using C4F8/O2/Ar (190 sccm)/N2

(20 sccm) gas mixture of (a) O2 0 sccm, (b) O2 10 sccm,
(c) O2 20 sccm, and (d) O2 30 sccm, and C3H2F6/O2/Ar
(150 sccm)/N2 (40 sccm) gas mixtures of (e) O2 20 sccm,
(f) O2 30 sccm, (g) O2 40 sccm, (h) and O2 50 sccm
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Fig. 3. Etch profiles of porous SiCOH after the etching using
C4F8/O2/Ar/N2 gas mixture of (a) O2 0 sccm, (b) O2 10 sccm, (c) O2

20 sccm and (d) O2 30 sccm, and C3H2F6/O2/Ar/N2 gas mixtures of
(e) O2 20 sccm, (f) O2 30 sccm, (g) O2 40 sccm, (h) and O2 50 sccm
for the conditions in Figure 2.

for the conditions in Figure 2. The etch profile angles of
the porous SiCOH measured at the bottom sidewall of the
trench are shown in Figure 4. As shown in Figures 2 and 3,
the increase of oxygen flow rate increased the sidewall
trench angle from 80� (0 sccm of O2) to 84� (30 sccm
of O2) for C4F8 and, from 83.5� (20 sccm O2) to 86.5�

(50 sccm O2) for C3H2F6 due to the formation of a thin-
ner the fluorocarbon passivation layer on the sidewall of
the porous SiCOH trench with the increase of oxygen flow
rate. However, as shown in Figures 3(c) and (d) for C4F8

and in Figures 3(g) and (h) for C3H2F6, when the oxy-
gen flow rate is higher than a critical flow rate which is
≥20 sccm of O2 for C4F8 and ≥40 sccm of O2 for C3H2F6,
bowed porous SiCOH etch profiles were observed pos-
sibly due to the insufficient sidewall protection polymer
layer formed on the sidewall at higher oxygen flow rates.

Fig. 4. Etched sidewall angles of porous SiCOH measured as a func-
tion of oxygen flow rate for the SEM images in Figure 3.

From these results, the oxygen flow rate conditions of
10 sccm and 30 sccm were chosen as the optimized porous
SiCOH etch conditions for C4F8 and C3H2F6, respectively,
and their surface characteristics and plasma characteristics
were compared for the same etch depth (etch rates are sim-
ilar as ∼1.8 nm/s and the sidewall angles are also similar
as ∼84�).
Sidewall surface damage of the porous SiCOH etched

with the optimized conditions in Figure 3(b) for C4F8 and

Fig. 5. Porous SiCOH etch profiles after dipping the sample in a
diluted (0.5%) HF solution for the porous SiCOH etched with (a) C4F8

(50 sccm)/O2 (10 sccm) (for the sample in Fig. 3(b)) and (b) C3H2F6

(50 sccm)/O2 (30 sccm) (for the sample in Fig. 3(f)). (c) Differences
in top opening dimension and trench angle before and after the HF
dipping in (a and b). (d) Cartoon showing the sidewall plasma damage
mechanism during the porous SiCOH etching.

Mater. Express, Vol. 10, 2020 837
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Fig. 6. XPS narrow scan data of C1s and F1s for the porous SiCOH surfaces etched with the C4F8 optimized condition ((a) C1s and (b) F1s)
and the C3H2F6 optimized condition ((c) C1s and (d) F1s). The porous SiCOH was exposed to the source plasma without biasing the substrate to
simulate the polymer layer formed on the sidewall of the etched porous SiCOH.

Figure 3(f) for C3H2F6 were observed by SEM after dip-
ping in a diluted (0.5%) HF solution for 60 s and the
etch profiles are shown in Figures 5(a) and (b) for C4F8

and C3H2F6, respectively. The differences in top opening
dimension and sidewall angle before and after the dip-
ping in the HF solution are shown in Figure 5(c) and car-
toons on the sidewall plasma damage mechanism and the
change of sidewall profile after dipping in the HF solu-
tion are shown in Figure 5(d). As shown in Figure 5(d),
the exposure of the porous SiCOH sidewall surface to
fluorine and oxygen in the plasma changes the mate-
rial structure from Si–O–CH3 (hydrophobic) to Si–OH
(hydrophilic) by the diffusion of fluorine and oxygen into
the porous SiCOH sidewall. And, the hydrophilic Si–
OH damage layer formed on the sidewall of the etched
porous SiCOH is easily removed by a HF solution, and
the degree of the sidewall damage by the plasma can be
estimated by measuring the change of sidewall porous
SiCOH profile after the HF solution dipping. As shown
in Figures 5(a) and (b), after the dipping in the HF solu-
tion, the etch profiles of porous SiCOH have changed and,
as shown in Figures 5(c), the amount of opening dimen-
sion change was ∼18 nm for the optimized C4F8 condition
while it was ∼8 nm for the optimized C3H2F6 condition.
The differences in the sidewall angle was ∼2.3� for the

optimized C4F8 condition while it was ∼1.6� for the opti-
mized C3H2F6 condition. Therefore, much lower porous
SiCOH sidewall damage was observed for the etching with
the optimized C3H2F6 condition.
To investigate the reason for the lower porous SiCOH

sidewall damage for the C3H2F6 compared to C4F8, the
surface of the etched porous SiCOH surface was examined
with XPS for the two optimized etch conditions of C4F8

and C3H2F6. Figure 6 shows the XPS narrow scan data
of C1s and F1s measured on the porous SiCOH surface
after the etching using the two optimized etch conditions
of C4F8 ((a) C1s and (b) F1s) and C3H2F6((c) C1s and (d)
F1s). To simulate the fluorocarbon polymer layer formed
on the sidewall of the etched porous SiCOH, the porous
SiCOH was exposed to the source plasma only without
biasing the substrate (80 W of 60 MHz RF power and no
2 MHz RF bias power). As shown in Figures 6(a) and (c),

Table II. Relative atomic percentages of pristine and etched porous
SiCOH surfaces measured by XPS for different etch gases.

Sample/Atomic % Si2p N1s O1s F1s C1s

Pristine 35.4 – 42.77 – 21.83
C4F8 optimized 25.03 – 33.19 22.01 19.77
C3H2F6 optimized 27.19 0.75 38.5 12.17 21.39

838 Mater. Express, Vol. 10, 2020
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for the C1s peak, the binding energy peaks related to C–
C peak (∼285 eV), CF (∼289 eV), CF2 (∼291 eV), and
CF3 (∼294 eV) indicating the formation of a fluorocarbon
polymer layer could be observed for both etch conditions.

(a)

(b)

(c)

Fig. 7. OES spectra of the plasmas observed with the optimized
C4F8 and C3H2F6 conditions (a) for the wide wavelength range
of 150∼1000 nm and for the narrow wavelength ranges of (b)
150 nm∼400 nm for UV analysis and (c) 650 nm∼710 nm for the
analysis of hydrogen and fluorine. The plasma conditions are the same
as those in Figure 5.

However, higher binding peak intensities related to C-F2

and C-F3 could be observed for the polymer formed with
C4F8 while those related to C–C and C–F were observed
for the polymer formed with C3H2F6. Also, as shown in
Figures 6(b) and (d), higher fluorine peak intensity was
observed for C4F8. Therefore, it is believed that a fluorine-
rich fluorocarbon layer was obtained on the sidewall of the
porous SiCOH surface for the C4F8 while a carbon-rich
fluorocarbon layer was obtained for the C3H2F6. Table II
shows the composition of the porous SiCOH surfaces
exposed to C4F8 and C3H2F6 plasmas (the conditions are
the same as those in Fig. 6) in addition to that of the pris-
tine porous SiCOH surface. As shown in Table II, silicon
and oxygen in addition to carbon were observed on the
etched porous SiCOH surfaces similar to that on the pris-
tine porous SiCOH surface. Even though the nitrogen was
also added for both etch conditions (20 sccm for C4F8 and
40 sccm for C3H2F6), no significant nitrogen percentage
was observed on the etched porous SiCOH surfaces and
the fluorine percentage was ∼22% for C4F8 while it was
∼12% for C3H2F6.
The less fluorine fluorocarbon layer obtained with the

C4F8 compared to that with the C3H2F6 on the etched
porous SiCOH surface is believed to be related to the
scavenging fluorine in the plasma by forming HF with
hydrogen in C3H2F6. The characteristics of the plasmas for
the optimized C4F8 and C3H2F6 conditions were observed
using OES and the results are shown in Figure 7 (a) for
the wide wavelength range of 150∼1000 nm and, for the
narrow wavelength ranges of (b) 150 nm∼400 nm for UV
analysis and (c) 650 nm∼710 nm for the analysis of hydro-
gen and fluorine. As shown in Figures 7(b) and (c), higher
emission intensity from UV (<400 nm) and higher flu-
orine atomic intensities at 687 nm and 703.7 nm were
observed for the C4F8 compared to C3H2F6 indicating pos-
sible more porous SiCOH surface damage by higher UV
radiation and more fluorine diffusion for the etching with
C4F8. In addition, in the case of C3H2F6, hydrogen atomic

Fig. 8. Positive reactive ions in the plasmas with the C4F8 and C3H2F6

optimized conditions observed by QMS for the conditions in Figure 7.

Mater. Express, Vol. 10, 2020 839



IP: 127.0.0.1 On: Wed, 23 Dec 2020 10:19:42
Copyright: American Scientific Publishers

Delivered by Ingenta

Materials Express
Etch characteristics of nanoscale ultra low-k dielectric using C3H2F6

Tak et al.

A
rt
ic
le

peak was observed at 656 nm due to the dissociation of
C3H2F6.
The positive reactive ions in the plasmas in Figure 7

were also observed using QMS and the results are shown
in Figure 8. As shown in Figure 8, more fluorine-rich
fluorocarbon positive ions such as CF+

x (x = 1∼3) were
observed for C4F8 while more hydrogen fluorocarbon ions
such as CxHyF

+ and less fluorine containing fluorocarbon
ions such as C2F

+
3 , C3F

+
4 , etc. are observed for C3H2F6.

No fluorine positive ion was observed due to the difficulty
in forming positive ion. The differences in the positive
reactive ions observed in the both plasmas also show the
more fluorine-rich reactive ion flux to the substrate for the
C4F8 compared to C3H2F6 due to the fluorine scavenging
by hydrogen for C3H2F6.

4. CONCLUSION
Etching characteristics of porous SiCOH using C3H2F6

based gases (C3H2F6/O2/Ar (150 sccm)/N2 (40 sccm)) and
C4F8 based gases (C4F8/O2/Ar (190 sccm)/N2 (20 sccm))
were compared. The results showed that, for the similar
optimized etch rates (∼1.8 nm/s) and etch profiles (∼84�)
of porous SiCOH, lower sidewall damage of etched porous
SiCOH estimated by the decreased sidewall layer loss after
the dipping in a HF solution was observed for the etching
with the C3H2F6 based gas compared to the C4F8 based
gas. XPS surface analysis and plasma observation using
OES and QMS showed that the lower sidewall damage for
the C3H2F6 was believed to be related to less UV (less than
400 nm) emission and less fluorine radicals in the plasma,
which leads to less fluorine diffusion to the sidewall sur-
face of the etched porous SiCOH by the fluorine scaveng-
ing by hydrogen in C3H2F6. Additionally, C3H2F6 has a
lower GWP value and is a liquid state at room temper-
ature for easier capturing before emitting to atmosphere,
therefore, its green house effect can be much lower than
C4F8 and it is more applicable as the next generation green
etching gas for low-k materials.
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