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ABSTRACT

In this study, pulsed CF3I/C4F8/Ar/O2 inductively coupled plasmas have been studied for low-k etching, and the
effects of CF3I addition to C4F8/Ar/O2 on the plasma characteristics and etch characteristics of low-k materials
were investigated. The increased ratio of CF3I/(CF3I+C4F8) in the gas mixture increased CF3 radicals while
decreasing CF2 radicals in the plasma, and which are related to the etching and polymerization, respectively.
Therefore, the etch rates of SiCOH increased with increasing the CF3I ratio. However, the etch selectivity
over an amorphous carbon layer and photoresist was the highest at the ratio of 0.5 because the CF2/F flux
ratio from the plasma and the C/F ratio on the polymer layer were the highest at the CF3I ratio of 0.5. The
SiCOH damage was decreased with increasing CF3I ratio and the SiCOH damage appeared to be very low,
particularly when the CF3I ratio was ≥0.5 by showing low Si–CH3 bond loss, low F penetration, and a low
surface roughness. Therefore, it is believed that, as opposed to the C4F8/Ar/O2 gas mixture only, mixing 50%
CF3I into the C4F8/Ar/O2 gas mixtures resulted in not only a high etch selectivity over mask materials, but also
a potentially reduced etch damage.

KEYWORDS: Plasma Etching, Low-K Dielectrics, Hydrogenated Silicon Oxycarbide, Trifluoroiodomethane,
Global Warming Potential.

1. INTRODUCTION
The critical dimension of semiconductor devices is con-
tinuously scaled down to improve the device integration,
device performance, profit margins, etc.1–4 However, due
to the reduction of the metal line cross section and the
increase in the interconnect length of devices, the intercon-
nect resistance (R) and capacitance (C) tend to increase.
Due to the reduction of the metal line cross section and the
increase in the interconnect length of devices, the intercon-
nect resistance and capacitance tend to increase. Accord-
ingly, with increasing resistance-capacitance (RC) delay
time, chip performance can be degraded. To improve the
RC time delay, increases in the interconnection resistance
and/or capacitance must be minimized.5–7 Therefore, low
resistivity copper (1.68 �Ohm.cm) and low permittivity
materials (i.e., low-k) are commonly used as interconnect
metal and as inter-metal dielectric (IMD), respectively. In
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general, the IMD currently used in semiconductor devices
is SiCOH (k-value ∼2.7). SiCOH possesses excellent ther-
mal stability, good mechanical stability, and adhesion com-
pared to other low-k materials.8�9 To preserve the above
characteristics and to preserve low-k performances, the
minimization of plasma induced damage during the plasma
etching of low-k materials such as SiCOH is vital.10�11

During the plasma etching process, low-k materials are
known to be damaged by ultra-violet (UV) photons and
F-radicals in fluorocarbon-based plasmas, resulting in an
undesirable modification to the chemistry of the carbon
containing components within the low-k materials.12–16 As
a result, the RC time delay is increased by the increase
in the k value of the dielectric. Furthermore, plasma etch-
ing can result in an undercut of the low-k films (occurring
under the mask layer) after the removal of plasma dam-
aged sidewall low-k layer during wet cleaning, and which
may form voids after metal fill, thereby, affecting overall
device reliability. Therefore, a reduction in plasma damage
is of utmost importance.
Plasma etching is one of the key processes in the fab-

rication of integrated circuits. Low-k materials are typ-
ically etched using fluorocarbon-based gases, with one
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frequently used gas being CF4. However, CF4 plasma
contains vacuum UV (VUV) photons and high F concen-
trations. This results in deep penetration of the VUV pho-
tons into the low-k material, as well as reactions with F
radicals, which leads to both plasma damage and increased
surface roughness.14–16 Decreasing the k value in low-k
materials to achieve lower RC time delay tends to cause
further damage of low-k materials during CF4 plasma etch-
ing due to lower binding energies in the low-k materials
as well as more porosity.

To protect low-k materials from plasma induced dam-
age, alternate methods such as UV-assisted curing, cryo-
genic etching, and post porosity plasma protection, as
well as the use of different plasma sources with low or
zero VUV emission have been investigated. Unfortunately,
these methods are not easily applied to actual device fabri-
cation due to the difficulty in applying to commercial etch-
ing systems, low throughput, etc.17–23 A more productive
method is the use of a different fluorocarbon gas chemistry,
such as C4F8, which has been used since years ago for low-
k etching of semiconductors instead of CF4. This method
effectively suppresses the generation of F radicals in addi-
tion to providing higher etch selectivity and an increased
vertical profile by using fluorocarbon polymer passivation
for nanometer scale etching.24–26 CF3I plasma has also
been investigated for low-damage etching of low-k mate-
rials due to the low VUV emission of the CF3I plasma in
comparison with CF4 plasma. Additionally, the 100-year
global warming potential (GWP) of CF3I is 1, which is
extremely small compared to 7,380 for CF4, 14,600 for
CHF3 and 10,200 for C4F8. Recently, semiconductor man-
ufacturers around the world agreed to reduce gas emissions
containing high GWPs. This may be achieved by develop-
ing new processes using relatively low GWP gases.27–32

In this study, the effects of CF3I addition to C4F8/Ar/O2

on the plasma characteristics and etch characteristics (such
as etch damage and selectivity) have been investigated
using a synchronously pulsed inductively coupled plasma
(ICP) etcher, In fact, most of dielectric materials are
etched using capacitively coupled plasma (CCP) etch sys-
tem instead of ICP etch system in the industry due to the
higher etch selectivity over mask layers but, in this study,
the ICP etch system was used to etch low-k dielectric
materials together with a synchronized pulsing to inves-
tigate the possibility for improved etch selectivity similar
to the CCP etch system in addition to the improved low-
k damage, etc. CF3I is a low-polymerizing etching gas,
while C4F8 is a high-polymerizing gas. It is believed that
the polymerization rate can be controlled by mixing low-
and high-polymerizing gases in the correct proportion,
leading to improved etching selectivity and reduced etch-
ing damage. Compared to continuous wave (CW) plasma,
pulsed plasmas have low average electron energies and
can more effectively control plasma characteristics, there-
fore, pulse plasma was used in this study to improve etch
characteristics.

2. EXPERIMENTAL DETAILS
A schematic drawing of the pulsed ICP plasma reactor
used in the experiment is shown in Figure 1. A 27.12 MHz
radio frequency (RF) pulsed source power (ENI RF Ampli-
fiers, A-1000) was supplied to an ICP antenna using
a silver-coated two-turn Cu coil to sustain the plasma,
while 13.56 MHz RF pulsed power (SEREN, R10001) was
applied to the bottom electrode for substrate biasing. In
our experimental condition, even though 27.12 MHz RF
power which is a harmonic frequency of 13.56 MHz bias
power was used for the ICP source power, no noticeable
interference between two RF powers was observed. Both
the source power and the bias power were pulsed with a
50% duty cycle at 1 kHz frequency and were synchro-
nized through a digital delay generator (DG645, Stanford
Research Systems), which allows synchronous pulsing
of the source power and bias power. The water cooled
300 mm diameter substrate holder was located 20 cm
below the antenna. Processing gases (CF3I/C4F8/Ar/O2)
were injected through 1 mm diameter holes installed
beneath the 2 cm thick Al2O3 dielectric window located
below the ICP antenna.
300 nm thick SiOCH blanket films (k value of 2.7)

deposited by plasma enhance chemical vapor deposition
using tetramethylcyclote-trasiloxane (TMCTS) which have
a porositiy of about 30% with an average pore size below
2.5 nm on silicon wafers were used as the low-k sam-
ples. A 500 nm thick amorphous carbon layer (ACL)

Fig. 1. A schematic drawing of the synchronously pulsed ICP etch sys-
tem used in this study.
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and a 1300 nm thick photoresist (PR) layer were used
as mask materials. The SiOCH, ACL, and PR layers
were etched with varying ratios of CF3I/C4F8 while main-
taining a total flow rate of 120 sccm for CF3I/C4F8/Ar
(40 sccm)/O2 (20 sccm) and the total pressure was kept
at 1.3 Pa (10 mTorr) using an automatic pressure con-
troller. To study etch rates and etch selectivities between
the SiCOH and mask materials, the pulsed 27.12 MHz
ICP source power and the pulsed 13.56 MHz bias power
were kept at 200 W and −170 V DC self-bias voltage
(ICP power is the power during the plasma-on time and
the bias voltage is the time averaged bias voltage), respec-
tively, while maintaining a pulse frequency of 1 kHz (pulse
period 1000 �s) and 50% duty percentage.
The plasmas generated with CF3I/C4F8/Ar/O2 gas mix-

tures were introduced into the quadrupole mass spectrom-
eter (QMS, PSM003, Hiden Analytical) via an orifice of
100 �m in diameter located at the sidewall of the vacuum
chamber, and the m/z to the wall was measured with an
energy resolution of 0.05 eV. The mass spectrometer was
operated in the positive ion detection mode (no pass energy
for positive ion detection was chosen and no calibration of
mass dependency was made). The optical emissions from
the radicals, which dominantly affect the etching, were
also observed using optical emission spectroscopy (OES,
Andoristar734) from 270 to 800 nm with a time averaged
mode. An exposure time of 0.1 s and 10 accumulations
were used in all of the experiments. Optical emission peak
intensities were observed at 270–300, 321, 342, 500–600,
519, 704, and 750 nm, which are related to the emis-
sions from CF2, CFI, CF3, I, F, and Ar, respectively.33 For
surface analysis of the etched SiCOH films, X-ray photo-
electron spectroscopy (XPS, ThermoFisher Scientific, K-
Alpha+) was used and the depth profiles of C 1 s, F 1 s,
etc. were carried out by sputter-etching using an Ar+ ion
gun every 10 s after each XPS measurement in the XPS
chamber. For X-ray intensity for the XPS, we kept the
same condition and the 5 samples were loaded at the same
time in the XPS chamber and analyzed in sequence. A
Mg K� twin-anode source with an X-ray incident angle of
0� was used for the XPS measurements. To examine the
chemical modification of the SiCOH film after the etch-
ing, the Fourier transform infrared spectra (FT–IR, Bruker
Hyperion3000) of the films were measured in the range
from 2000 to 400 cm−1. In the FT-IR, a purge system was
installed on the microscope stage to reduce spectral inter-
ference from infrared-absorbing atmospheric gases such as
water and CO2. Also, even though, most of researchers use
the absorbance curve for FT-IR, the transmittance curve
was used because it appeared to show the variation more
distinctively for our experimental data. The FT–IR spectra
give relative information about bond concentrations within
the film and were used to observe relative changes in Si–
CH3 bonds (1270–1280 cm−1) in the etched SiCOH films.
For the measurements of root mean square (RMS) surface

roughness, XPS, and FTIR of etched SiCOH films, a fixed
etch depth of ∼150 nm was used while a fixed time was
used for the measurements of etch rates, etch selectivities,
and plasma characteristics.

3. RESULTS AND DISCUSSION
Figures 2(a) and (b) show the etch rates of SiCOH, PR
and the ACL and etch selectivities of SiCOH over PR
and ACL, respectively. These were measured as a func-
tion of the ratio of CF3I/(CF3I+C4F8) at a flow rate of
CF3I+C4F8 = 60 sccm in the CF3I/C4F8/Ar/O2 gas mixture
and at 1.3 Pa (10 mTorr) operating pressure. Flow rates
of Ar/O2 were also maintained at 40 sccm/20 sccm, and
which were determined to be optimized flow rates from
previous experiments. For etching, 200 W of 27.12 MHz
RF power was applied to the ICP source and −170 V
of DC self-bias voltage was used for substrate biasing
using 13.56 MHz RF power. The ICP source power and
bias power were synchronized at 1 kHz with 50% duty

Fig. 2. (a) Etch rates of SiCOH, ACL, and PR in CF3I/C4F8/Ar/O2

synchronous pulsed plasmas as a function of CF3I/(CF3I+C4F8) ratio.
(b) Etch selectivity for SiCOH/ACL and SiCOH/PR, and RMS surface
roughness of etched SiCOH surfaces. The operating parameters: Pressure
1.3 Pa (10 mTorr), Ar 40 sccm, O2 20 sccm, (CF3I+C4F8) 60 sccm, 200
W 27.12 MHz ICP source power, −170 V DC self-bias voltage using
13.56 MHz, 1 kHz pulse frequency, duty ratio 50%, and synchronized
pulsing.
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percentage. As shown in Figure 2(a), an increase in the
ratio of CF3I/(CF3I+C4F8) led to a nearly linear increase
in etch rates of SiCOH, PR, and ACL. Therefore, the high-
est etch rates were observed at 100% CF3I while the lowest
etch rates were observed at 100% C4F8. On the contrary,
as shown in the Figure 2(b), the improvements in etch
selectivities for SiCOH/PR and SiCOH/ACL at the ratio
of CF3I/(C4F8 +CF3I) of 0.5 from ∼1.43 (CF3I = 0) to
∼1.65 and from ∼0.75 (CF3I= 0) to ∼0.82, respectively,
were observed. Figure 2(b) also shows the AFM surface
roughness on the etched SiCOH measured for different
CF3I/(C4F8+CF3I) ratios and, as shown in the figure, the
lowest RMS surface roughness of 0.47 nm was observed
at the ratio of 0.5 (the RMS surface roughness of unetched
SiCOH was 0.31 nm).

Using quadrupole mass spectrometry, the species dis-
sociated in the plasma were investigated as a function of
the ratio of CF3I/(CF3I+C4F8) in the CF3I/C4F8/Ar/O2 gas
mixtures using the process conditions shown in Figure 2
and the results are shown in Figure 3. To measure the
species in the plasma without further dissociation of
formed radicals, the positive ion mode was used, and
therefore, the positive ions formed in the plasma were
measured directly in the mass spectrometer. As shown in
Figure 3, when 100% C4F8 was used (i), various fluorocar-
bon species such as CF, CF2, and CxFy, which cause poly-
merization on the surface, could be observed and as the
CF3I is increased to 100%; on the other hands (v), the CF3,
CF2I, I2, etc., which are not quite related to the polymer-
ization of the substrate surface, increased while decreasing
the species causing polymerization. The low concentration
of polymerization species, including CF2 in CF3I plasma,
is believed to be related to the dissociation of CF3I primar-
ily into CF3 and I as a result of the low bonding energy
between C and I in CF3I (C–I bond (2.4 eV) < C C
bond (2.8 eV) < C–C (4.3 eV) < C–F bond (5.6 eV)). In
mass spectrometry, no noticeable fluorine peak intensity

Fig. 3. Quadruple mass spectrometry data of positive ions detected
in CF3I/C4F8/Ar/O2 synchronous pulsed plasmas as a function of
CF3I/(CF3I+C4F8) ratio. The species dissociated in the plasma were
investigated under the process conditions listed in Figure 2.

was observed, possibly due to insufficient positive F+ ion
formation in the plasma.
To understand more about the dissociated species gen-

erated using the CF3I/C4F8/Ar/O2 gas mixtures, optical
emission intensities were measured by OES for the pro-
cess conditions shown in Figure 2. The results for dif-
ferent ratios of CF3I/(CF3I+C4F8) in the CF3I/C4F8/Ar/O2

gas mixtures are shown in Figure 4(a). As shown in
Figure 4(a), optical emission intensities from F and Ar
were measured at 704 and 750 nm, respectively. Addition-
ally, sharp line emissions from CF2 and CF3 were observed
as band emissions at 270–430 nm and 510–600 nm,
respectively. Also, with an increase in CF3I in the gas mix-
ture, I related peaks such as CFxI, I2, and I were observed
at 321, 342, and 519 nm, respectively. The optical emis-
sion intensities of CF2, CF3, I and F observed in the
Figure 4(a) and the ratios of CF2/F and CF3/F were mea-
sured. The results are shown in Figure 4(b). In Figure 4(b),
the increase in CF3I in the ratios of CF3I/(CF3I+C4F8) led
to the increased optical emission intensities from I, CF3,
and CFxI, while decreasing the optical emission inten-
sities from CF2 and F. Therefore, similar to quadrupole
mass spectrometry, as the amount of CF3I in the plasma
is increased, a possibility in the increase of +CF3 with
a decrease of CF2 in the plasma was observed. While

Fig. 4. (a) OES data of CF3I/C4F8/Ar/O2 synchronously pulsed plasmas
as a function of CF3I/(CF3I+C4F8) ratio for the process conditions in
Figure 2. (b) Optical emission intensity of CF2, CF3, F, CFI, and I, and
the ratios of CF2/F and CF3/F.

Sci. Adv. Mater., 14, 1258–1264, 2022 1261



Etch Characteristics of Low-K Materials Using CF3I/C4F8/Ar/O2 Inductively Coupled Plasmas Hong et al.

A
R
T
IC
LE

CF3/F continues to increase, it is particularly clear that for
CF3/F and CF2/F, the highest CF2/F level (that is, the high-
est amount of polymerization species/etch species) was
observed at a 0.5 ratio of CF3I/(CF3I+C4F8). This may be
related to the highest etch selectivity observed at the ratio
of 0.5 in Figure 2(b). Also, the similar etch selectivities
for 100% C4F8 and 100% CF3I in Figure 2(b) could be
related to the similar ratio of CF2/F.
The surfaces of the SiCOH materials etched using dif-

ferent ratios of CF3I/(CF3I+C4F8) in the CF3I/C4F8/Ar/O2

gas mixtures were investigated by XPS. Figures 5(a) and
(b) show XPS narrow scan data of C 1 s and F 1 s observed
on the etched SiCOH surfaces, respectively. The surface
of SiCOH was observed after a 10 s sputter with Ar+

ions to remove the oxide formed during the exposure to
air. As shown in Figures 5(a) and (b), the peak inten-
sities of carbon and fluorine decreased with an increase
in the CF3I ratio in the CF3I/C4F8/Ar/O2 gas mixtures.
However, the carbon peak intensity decreased significantly
when the ratio of CF3I/(C4F8+CF3I) was greater than 0.5,
while the fluorine intensity decreased continuously with
an increase in CF3I in the gas mixture. Figure 5(c) shows
the C/F ratios in addition to the atomic composition of
species observed on the etched SiCOH surfaces for dif-
ferent CF3I/(CF3I+C4F8) ratios. As shown in Figure 5(c),

despite a decrease in both carbon and fluorine with the
increase of the CF3I/(CF3I+C4F8) ratio, the ratio of C/F
on the etched SiCOH surface was the highest at a 0.5 CF3I
ratio. This may be attributed to the high CF2/F ratio con-
tained in the plasma, as observed in Figure 4(b). Using Ar+

ion depth profiling, the thickness of the fluorocarbon poly-
mer layer on the etched SiCOH surface was investigated
by measuring the change in atomic percentages for carbon
and fluorine. Results are shown in Figure 5(d), where the
thickness of the fluorocarbon polymer layer decreased con-
tinuously with an increase in the CF3I ratio, and, from the
CF3I ratio of 0.75, nearly no fluorocarbon polymer layer
was observed on the etched SiCOH surface. Therefore,
with increasing CF3I ratio, the thickness of the fluorocar-
bon polymer layer on SiCOH decreased while the C/F ratio
in the polymer layer was the highest at the CF3I ratio of
0.5. Also, at the CF3I ratio of 0.5, the lowest RMS surface
roughness was observed as shown in Figure 2(b). This is
believed to be related to the high CF2/F flux ratio from the
plasma and the high C/F ratio in the polymer layer at the
ratio of 0.5. Figure 5(d) also shows the degree of F radical
penetration into the remaining SiCOH layer (the layer with
∼20% carbon) under the fluorocarbon polymer layer and,
as shown in Figure 5(d), significant penetration of F radi-
cals into the remaining SiCOH layer could be observed for

Fig. 5. XPS surface analysis of the SiCOH material etched using varying ratios of CF3I/(CF3I+C4F8) in the CF3I/C4F8/Ar/O2 gas mixtures. (a) and (b)
Show XPS narrow scan data for C 1 s and F 1 s observed on the etched SiCOH surfaces, respectively. (c) shows the C/F ratios in addition to the
atomic composition of species observed on the etched SiCOH surfaces for different CF3I/(CF3I+C4F8) ratios. (d) Ar

+ ion depth profiling data showing
the thickness of the fluorocarbon polymer layer on the etched SiCOH surfaces by measuring the change of atomic percentages for carbon and fluorine
in the etched SiCOH.
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CF3I ratios from 0 to 0.25. However, no significant pene-
tration of F into the SiCOH layer was observed when the
ratio was higher than 0.5, indicating a reduction in SiCOH
damage due to etching with the CF3I ratio ≥0.5.

Using FT–IR, the surface damage to the etched SiCOH
for different ratios of CF3I/(C4F8+CF3I) was further inves-
tigated. It has been shown that when low-k materials are
damaged by VUV radiation, the Si–CH3 bonds in the
material are broken and replaced by Si–OH during a reac-
tion with the hydroxyl ions. This increases the dielectric
constant, k values.34–37 Therefore, using FT–IR to exam-
ine Si–CH3 bonds at 1270 cm−1, changes in peak inten-
sity in the SiCOH layer etched with the varying ratios of
CF3I were investigated. Figure 6 shows the FT–IR data
for unetched SiCOH, as well as SiCOH etched with vary-
ing ratios of CF3I/(CF3I +C4F8). Blanket etched/unetched
SiCOH samples not patterned samples were used for the
FT-IR measurement. (Due to the difficulty in the FT-IR
measurement with patterned SiCOH samples, the blan-
ket samples were used for FT-IR measurement, but, the
characteristics of sidewall SiCOH for patterned samples
could be different from the blanket samples) As shown in
Figure 6, the peak intensity related to Si–CH3 bonds could
be observed for the unetched reference SiCOH (vi), while
no noticeable peak intensity was observed for SiCOH
etched with the CF3I ratio of 0 (i) (that is, for etching
with C4F8). However, with an increase in the CF3I ratio
(i→v), the peak intensity increased and, as shown in the
inset figure of Figure 6, the peak intensity of the Si–CH3

bonds (Si–CH3 stretching mode at 1270 cm−1) increased
significantly at a ratio of 0.5, and remained high up to a
ratio of 1.0. Even though the change in the peak intensity
of Si–CH3 bonds does not necessarily indicates the change
in the SiCOH damage status, this may be related to the

Fig. 6. FT–IR transmittance spectra of unetched SiCOH, as well as
SiCOH etched with varying ratios of CF3I/(CF3I+C4F8). Inset figure
shows a magnified FT–IR section for the wavelength from 1270–
1280 cm−1.

SiCOH damage. And, the increase of the peak intensity
of the Si–CH3 bonds for CF3I ≥ 0.5 might indicate that
the damage to the SiCOH could be relatively insignificant
when the CF3I ratio was ≥0.5.

4. CONCLUSIONS
The effects of the CF3I/(CF3I+C4F8) ratio on the etch
characteristics, plasma characteristics, and etch damage
by the synchronized pulsed ICP etching (50% duty per-
centage with 1 kHz pulse frequency) of SiCOH using
CF3I/C4F8/Ar/O2 gas mixtures were investigated. With an
increase in the CF3I ratio, CF3 radicals increase, while CF2

radicals decrease. Therefore, the etch rates increase with
CF3I ratio as the polymer layer thickness decreases on the
etched SiCOH material. However, etch selectivity was the
highest and surface roughness was the lowest at a ratio
of 0.5. This occurs because the CF2/F flux ratio from the
plasma and the C/F ratio of the fluorocarbon layer on the
etched SiCOH surface were the highest at a CF3I ratio of
0.5, despite a continuous decrease in the polymer layer
with an increase in the CF3I ratio. The SiCOH damage
occurred due to the etching was estimated by F radical
penetration depth and Si–CH3 bond loss (caused by VUV
radiation) and appears to decrease with an increase in the
plasma CF3I ratio. This is particularly evident when the
CF3I ratio is ≥0.5 and it is possibly related to the quality
of the polymer layer with the high C/F ratios for CF3I ≥
0.5 formed on the SiCOH surface in addition to F penetra-
tion into the SiCOH layer. Therefore, it can be concluded
that, by using a gas mixture containing 50% CF3I and 50%
C4F8, as opposed to 100% C4F8, not only improvements in
etch selectivity, but also a decrease in etch damage might
be expected during the etching of low-k materials.
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