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a b s t r a c t

The characteristics of a synchronized pulse plasma using 60 MHz radio frequency as a source power and
2 MHz radio frequency as a bias power were investigated for the etching of SiO2 masked with an
amorphous carbon layer (ACL) in a C4F8/Ar/O2 gas mixture. Especially, the effects of the pulse phase lag of
the synchronized dual-frequency pulsing between source power and bias power on the characteristics of
the plasma and SiO2 etching were investigated. The results showed that the etch rates of SiO2 was the
highest and the etch profile was the most anisotropic when the pulse phase lag between the source
power and bias power was 0� in the synchronized pulse plasma. Increasing the phase lag to 180�

decreased the etch rates and degraded the etch anisotropy. The change in etch characteristics as a
function of pulse phase lag was believed to be related to the difference in gas dissociation and fluoro-
carbon passivation caused by the variations in electron temperatures during the source pulse off-time.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

As the size of semiconductor devices decreases to the deep
nanoscale, the dry etch process, which has a higher aspect ratio, a
higher etch selectivity, tighter critical dimensional control, and
lower plasma induced damage is required more significantly [1e5].
Currently, it is difficult to etch high aspect ratio contact (HARC)
holes with good etch uniformity and decent etch profiles without
plasma induced damage on the contact hole when etching nano-
sized contact holes using conventional continuous wave (CW)
plasmas. This is because several issues such as etch stop, reactive
ion etching (RIE) lag, pattern distortion, and charging damages
occur while etching the HARC pattern using conventional plasma
etching processes [6e10].

Therefore, various plasma etching methods have been widely
investigated to control critical plasma properties for low damage
nanoscale etching. Pulsed plasma techniques that turn the plasma
on and off with a frequency of a few kHz during the etching is one of
the most promising candidates for the improvement of etch
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characteristics in the etching of nanoscale semiconductor mate-
rials. By adjusting pulse parameters such as the duty ratio and the
pulse frequency of the pulsing during the operation of the plasmas,
additional and independent control of plasma characteristics such
as plasma chemical composition and ion bombardment energy is
possible. The reported main advantages of the pulsed plasma are
the improvement of etch selectivity and etch uniformity due to
decreased gas dissociation and enhanced radical diffusion. Also,
control of the etch profile and critical dimensions was reported due
to the reduction of plasma induced damages such as charge build
up damage by the electron shading effect during the pulse off
period. Thus, pulsed plasma technology is widely investigated for
nanoscale etching applications to improve plasma uniformity, etch
selectivity, and etch profile by reducing plasma induced damages
[11e16].

Even though pulsed plasmas have been widely studied, due to
the significant range of pulsing variables, the relationship between
the etch properties and the pulsed plasma is still not clear and needs
to be investigated inmore detail. Especially, due to the complexity of
the gas phase chemical reactions for carbon-rich fluorocarbon-
based gases, it is more difficult to understand the precise etching
mechanism in the pulsed plasmas used in HARC etching.

In this study, a synchronously pulsed dual-frequency capacitive
coupled plasma (DF-CCP) composed of a pulsed 60 MHz power on
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the top electrode as the source power and a pulsed 2MHz power on
the bottom electrode as the bias power to the substrate was used
with a C4F8/Ar/O2 gas mixture for the highly anisotropic etching of
nanoscale SiO2 contact. Especially, the effect of the pulse phase lag
between the source power and the bias power on the plasma
characteristics and the etching characteristics was investigated to
study the effect of synchronized pulsing using a dual pulsed plasma
on the etch characteristics of HARC.
2. Experiment

The experimental setup for the synchronized pulse DF-CCP
system used in this study is shown in Fig. 1. The rf discharge was
maintained between two parallel plate electrodes separated by
30 mm. The top electrode was covered with a perforated silicon
plate to flow gases uniformly and was connected to a 60 MHz rf
power (high frequency; HF) source which could be pulsed to con-
trol the plasma characteristics and to control the pulse signal delay
of the 2 MHz (low frequency; LF) pulsed rf power applied to the
substrate. The synchronization of 2 MHz rf power to 60 MHz rf
power was achieved by connecting the 60 MHz pulse signal to the
digital delay generator (DDG 645, SRS), to the signal generator
(8657B, HP), and to the rf power amplifier (A1000, ENI) in series.
Therefore, the source power pulse served as a master and the bias
power pulse served as a slave by receiving the source pulse signal
from the DDG. The reactor was evacuated by turbo molecular
pumps (3200 l/s) backed by a dry pump. The gas was equally
distributed through a baffle system from the top electrode. The
pulse signal generated from the 60 MHz was also used to control
the time-resolved optical emission spectrometer (OES) installed in
the process chamber.

The 2 mm thick SiO2 deposited on silicon wafers was masked
with a 600 nm thick amorphous carbon layer (ACL). The ACL was
used as the hardmask for SiO2 HARC etching to maintain the critical
dimension (CD) of the contact hole. The SiO2 layer was etched
for various pulse parameters during synchronized pulsing with a
C4F8/Ar/O2 gas mixture (60 MHz HF power/2 MHz bias
voltage ¼ 300 W/- 900 V, C4F8/Ar/O2 ¼ 40/155/5 sccm, and a pro-
cess pressure of 26.6 mbar) while keeping the substrate tempera-
ture at room temperature.

Etch characteristic such as the etch rate of SiO2 HARC layer/ACL
and the etch profiles using the C4F8/Ar/O2 gas mixture were
Fig. 1. Schematic diagram of the synchronized pulse dual-frequency CCP. A Pulsed
60 MHz source pulse power was applied to the top electrode to control the plasma
characteristics and a pulsed 2 MHz bias power was applied to the bottom electrode to
control the ion energy to the substrate.
estimated by field emission scanning electron microscopy (FE-SEM,
Hitachi S-4700). The radicals that dominantly affected the etching
were observed using time-resolved OES. The time-resolved OES
(Andor istar 734) was performed with a spectrometer composed of
a grating monochromator and an intensified charge coupled device
(ICCD). For the time-resolved data collection, the OES data were
collectedwith the interval of 100 ms in 1 kHz of pulse period and the
data were averaged after 10 collections. The instant change in the
electron temperature for the synchronized pulse conditions of 60/
2 MHz DF-CCP was calculated using a home-made emissive probe.
Also, the chemical binding characteristics of the etched SiO2 surface
for the differently synchronized pulse conditions were observed
using X-ray photoelectron spectroscopy (XPS, ESCA2000, VG
Microtech Inc.).

3. Results and discussion

While pulsing with only the 60 MHz source power without the
2 MHz bias power in the C4F8/Ar/O2 gas mixture, the plasma den-
sity decreased exponentially when the rf power was turned off
during the pulse-off time, due to the lack of rf power to the plasma.
The gas molecules and atoms dissociated in the plasma during the
pulse on-time, as CFx and F tend to recombine. In our study, in
addition to the 60MHz source power, the 2MHz bias power applied
to the substrate was synchronously pulsed with the source power
and the effect of the pulse phase lag between the source rf power
pulsing and the 2 MHz bias power pulsing on the plasma charac-
teristics was investigated. Fig. 2 shows a cartoon figure of the
synchronized pulse waveform for the pulse phase lags between the
source power pulsing and the bias power pulsing during the syn-
chronously pulsed 60/2 MHz CCP. As shown in the figure, the phase
lag of the bias power pulse to the source power pulse was varied
from 0� to 180�.

Fig. 3 shows the time-resolved optical emission intensity ratios
for F/Ar, CF2/Ar, CF3/Ar, and CF2/Ar measured as a function of pulse
Fig. 2. Schematic diagram of pulse waveform between the source power pulsing and
the bias power pulsing for various pulse phase lags in the synchronized pulse 60/
2 MHz CCP.
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phase lag from 0� to 180� for the DF-CCP using a C4F8/Ar/O2 gas
mixture. As the optical emission peak intensities, the peak in-
tensities observed at 703 nm, 245e265 nm, 265e285 nm, and
751 nm were used for F, CF2, CF3, and Ar, respectively. The optical
emission intensity ratios of the dissociated radicals to Ar were used
to estimate the radical concentration in the plasma. For the time-
resolved OES, 300 W of 60 MHz rf power and �900 V of 2 MHz rf
voltage were used with the gas flow rates of C4F8/Ar/O2 ¼ 50/145/5
sccm and at 26.6 mbar of operating pressure. The pulse duty ratio
and the pulse frequency were kept at 50% and 1 kHz, respectively.
The OES data for the CW power condition of both the source power
and the bias power (that is, 60 MHz CW source power/2 MHz CW
bias power) is also included as references in Fig. 3(a). As shown in
Fig. 3(a), when the source power and the bias power were not
pulsed, the radical concentrations of CFx(x ¼ 2, 3) and F remained
Fig. 3. Optical emission intensity ratios of CFx(x ¼ 2,3)/F, F/Ar, and CFx (x ¼ 2,3)/F in the synch
of pulse phase lags using a time-resolved OES. 300 W of 60 MHz rf power and �900 V of 2 M
26.6 mbar of operating pressure. The pulse duty ratio and the pulse frequency were kept at 5
the source power and the bias power were pulsed together with (b) the pulse phase lag of
source power/2 MHz CW bias power.
similar without variations in the time. However, when both the
source and bias power were pulsed together with the pulse phase
lag of 0� as shown in Fig. 3(b), the radical densities and the ratios of
CFx (x¼ 2, 3)/F during the pulse on-time (0e500 ms) for both power
sources were similar to those observed when both powers were
turned on in Fig. 3 (a). However, during the initial source power off-
time (500e600 ms), F radicals decreased more rapidly than other
radicals such as CF2 and CF3. Therefore, the ratios of CFx (x ¼ 2,3)/F
increased during the initial source power pulse off-time, indicating
enhanced recombination of the dissociated gas mixtures. The ratio
remained similar during the rest of the pulse-off time
(600e1000 ms).

When the source power and the bias power were pulsed with
the pulse phase lag of 90� during the initial source power on-time
of 0e250 ms, only 60 MHz rf power was applied to the source,
ronously pulsed plasmas. The intensities of CF2, CF3, and F were measured as a function
Hz rf voltage were used with the gas flow rates of C4F8/Ar/O2 ¼ 50/145/5 sccm and at

0% and 1 kHz, respectively. (a) 60 MHz CW source power/2 MHz CW source power. Both
0� , (c) pulse phase lag of 90� , and (d) pulse phase lag of 180� . (e) is for 60 MHz pulsed



Fig. 4. Instant variation in electron temperature estimated as a function of time for the
CW plasma and synchronized pulse phase lag of 0� , 90� , and 180� at the pulse duty
percentage of 50% and pulse frequency of 1 kHz. 155sccm of Ar was used as the gas and
the other conditions are the same as those in Fig. 3.
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without the 2 MHz bias power to the substrate. As shown in
Fig. 3(c), possibly due to the low frequency of the 2 MHz bias power
which tends to give more power to the incident ions than to the
plasma, no significant change in F and CFx (x ¼ 2,3) (or only slight
increases in F and slight decreases in CFx) were observed during the
0e250 ms compared to the rest of the source power/bias power on-
time (250e500 ms). However, as shown in Fig. 3(c), because the
2 MHz bias power was still on during the 500e750 ms, a slower
decrease in F density was observed after the initial source power-
off. Therefore, the ratios of CFx(x ¼ 2, 3)/F were lower during the
source pulse off-time (500e1000 ms) compared to during the
source pulse off-time in Fig. 3(b). When the source power and the
bias power were pulsed with the pulse phase lag of 180� as shown
in Fig. 3(d), the radicals and ratios of CFx(x¼ 2, 3)/F observed during
the source power on-time were similar to those observed for the
source power on-time (0e500 ms) shown in Fig. 3 (a) and (b).
However, when the source power was off (500e1000 ms), the
reduction in F density during the source power off-time was the
smallest because the 2 MHz bias power was active during the
source power off-time. Therefore, the ratio of CFx(x ¼ 2,3)/F during
the source power off-time was also the lowest. As a reference, the
radical concentrations of CFx(x¼ 2, 3), F, and the ratios of CFx(x¼ 2,
3)/F were measured for the condition with only the source power
pulsing without the bias power (that is, 60 MHz pulsed source
power/2 MHz CW bias power) and the results are shown in
Fig. 3(e). As shown, the radical concentrations of CFx (x¼ 2, 3) and F
and the ratios of CFx(x ¼ 2, 3)/F were similar to those observed for
the condition with the pulse phase lag of 180� shown in Fig. 3(d).
These results were observed not only for the source power off-time
but also for the source power on-time (or only slight increases in F
during the source pulse on-time) possibly due to the low contri-
bution of the 2 MHz bias power to the gas dissociation mentioned
above. Therefore, the ratios of CFx(x ¼ 2, 3)/F measured during the
source power off-time was decreased with the increase in pulse
phase lag from 0� to 180�.

To understand the gas dissociation characteristics observed in
Fig. 3 for the conditions with/without pulsing of the source and bias
powers and for the conditions with the different pulse phase lags,
the variation of instant electron temperature for the different
pulsing conditions was investigated with an emissive probe. To
measure the electron temperature with the emissive probe, only Ar
was used as the process gas. Except for that, the conditions were
similar to the conditions for Fig. 3: that is, 300 W of 60 MHz rf
power to the source, -900 V of 2 MHz rf power to the substrate,
26.6 mbar of operating pressure, and 155sccm Arwere used. For the
pulsing, 50% of the pulse duty ratio and 1 kHz of pulse frequency
were used. In the emissive probe, time varying plasma potentials
(Vp) and floating potentials (Vf) were measured and the instant
electron temperature (Te) was calculated from the following
equation:

Vp � Vf ¼
kTe
2e

ln
�
2M
pm

�

where, k is Boltzmann constant, Te is the electron temperature,m is
the electron mass, and M is the Ar atomic mass. The measured
results for different pulse phase lag conditions in Fig. 3 are shown in
Fig. 4. The results for the CW power conditions for both the source
power and the bias power (that is, 60MHz CW source power/2MHz
CW bias power) were also included. As shown in the figure, when
both the source power and the bias power are in the CW condition,
the electron temperature remained at about 7.2 eV. However, when
the source power and the bias powerwere pulsed together with the
pulse phase lag of 0�, the exponential decrease of instant electron
temperature from 7 eV to about 1 eV after 500 ms was observed due
to the lack of power application to the source after 500 ms. When
the pulse phase lag was 90�, the instant electron temperature
decreased from about 7 eV to only about 5 eV until 750 ms. After
750 ms, due to the lack of power application to the source, the
instant electron temperature decreased further with time until
1000 ms. When the pulse phase lag was 180�, the instant electron
temperature during the source power off-time remained at about
5 eV.

The above results show that, when the source power was on
(0e500 ms), the instant electron temperature did not change
significantly whether the bias power was on or not due to the
higher power input to the plasma by the 60 MHz source power
compared to that by the 2 MHz bias power. However, when the
source power was turned off (500e1000 ms), the instant electron
temperature was significantly dependent on whether the bias po-
wer was on or off. The higher the electron temperature, the higher
the gas dissociation; therefore, the higher ratios for CFx(x ¼ 2, 3)/F
obtained in Fig. 3 for the decreased pulse phase lag (180� / 0�)
appear to be related to the decreased gas dissociation due to
reduced bias power to the plasma during the source power pulse
off-time (500e1000 ms).

Using the different pulse phase lag conditions investigated in
Fig. 3, SiO2 masked with a 600 nm thick amorphous carbon layer
(ACL) was etched and the etch profiles observed by FE-SEM are
shown in Fig. 5. The etching conditions are the same as those in
Fig. 3. The etch depth of SiO2 was kept similar at about 1 mm. The
etch rates for SiO2 decreased with increased pulse phase lag,
therefore, more etch time was required to etch 1 mm deep SiO2. In
addition, as shown in the figure, as the pulse phase lag became
smaller (180� / 0�), the remaining ACL on the SiO2 became
thicker and the SiO2 etch profile became more anisotropic. The
increased anisotropic SiO2 etch profile, shown in Fig. 5 with the
smaller pulse phase lag, appears to be related to the higher fluo-
rocarbon polymer passivation of the sidewall during the source
power off-time (500e1000 ms) while etching the SiO2 with more
directional reactive ions during the source power on-time
(0e500 ms). During SiO2 etching masked with ACL, insufficient
fluorocarbon polymer passivation results in an increase in the CD
of the ACLmask and the ACLmask profile is more sloped due to the
increased ACL etching. The increased ACL mask opening increases
the top opening CD of SiO2 etch profile and decreases the bottom
opening CD of SiO2 etch profile, possibly due to themore scattering



Fig. 5. Etch profiles of ACL masked SiO2 contact hole pattern observed by FE-SEM after
the etching as a function of synchronous pulse phase lag of 0�/180� with pulse duty
percentage of 50% and pulse frequency of 1 kHz. The etch profile for the source power
pulsing/CW bias power is also shown. The etch time of SiO2 contact hole was varied to
obtain about 1 mm of etch depth. The process conditions are the same as those in Fig. 3.

Fig. 6. XPS narrow scan data of C 1s during the depth profiling of the etched SiO2

surface with the pulse phase lag of 0� and 180� and the source power pulsing/CW bias
power pulsing. SiO2 samples were etched to 1 mm of etch depth in the 60/2 MHz CCP.
The process conditions are the same as those in Fig. 3.
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of the reactive ions entering the SiO2 contact hole during the
etching. As the pulse phase lag decreased, as shown in Fig. 3, the
CFx(x ¼ 2, 3)/F increased during the source power off-time.
Therefore, more fluorocarbon polymer passivation could be ob-
tained during the source power off-time. Consequently, the most
anisotropic etch profile was obtained with the pulse phase lag of
0�. In Fig. 5, the SiO2 etch profile for the source power pulsing/CW
bias power is also shown as a reference. As shown in the figure, the
remaining ACL thickness was the lowest and the SiO2 etch profile
was the least anisotropic with a sloped bottom area. This may be a
result of having the lowest CFx(x ¼ 2, 3)/F and the lowest fluoro-
carbon polymer passivation during the source power off-time as
shown in Fig. 3(b).

The thickness of the fluorocarbon passivation during the etching
for different pulse phase lags was estimated by XPS depth profiling
of the etched SiO2 surface and by measuring the narrow scan data
of C1s. The etch conditions are the same as those in Fig. 5. XPS
depth profiling data were collected four times (total 120s) after
sputtering the etched SiO2 surface for 30s with an Arþ ion gun (3 kV
energy and 2 mA ion current). The results are shown in Fig. 6 for the
pulse phase lag of 0 and 180�. As a reference, the XPS depth
profiling data of C1s for the SiO2 etching with the source power
pulsing/CW bias power are also included. As shown, a thicker
fluorocarbon passivation layer was observed for the pulse phase lag
of 0� compared to the pulse phase lag of 180�. Also, the SiO2 surface
etched with the pulse source power pulsing/CW bias power, which
had the worst SiO2 etch profile in Fig. 5, had the thinnest fluoro-
carbon passivation layer. Therefore, the improved SiO2 etch profile
obtained with the lower pulse phase lag (180�/ 0�) is believed to
be related to the increased fluorocarbon polymer passivation dur-
ing the source power pulse off-time.
4. Conclusions

The effect of pulse phase lag between the 60 MHz source power
applied to the top electrode and the 2 MHz bias power applied to
the bottom substrate during synchronized dual pulsing with 60/
2 MHz CCP on the plasma characteristics and the etch character-
istics of SiO2 was investigated using a C4F8/Ar/O2 gas mixture. The
concentrations of dissociated radicals such as CFx (x ¼ 2, 3) and F
were related to the source power pulsing rather than the bias
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power pulsing. Therefore, during the source power pulse on-time
(0e500 ms), the concentrations of CFx and F did not vary signifi-
cantly whether the bias power was on or not. However, during the
source power off-time (500e1000 ms), gas dissociation by the bias
power increased. The ratio of CFx/F, which is related to the
recombination of the dissociated gas, subsequently decreased as
the pulse phase lag between the source power pulsing and the bias
power pulsing increased from 0� to 180�. Variations in CFx and F in
response to the pulse conditions were related to the change in
instant electron temperature measured by an emissive probe. The
ratio of CFx/F was also related to the fluorocarbon polymer
passivation during the etching of SiO2. As the pulse phase lag was
reduced from 180� to 0�, the thickness of the fluorocarbon polymer
passivation during the etching increased due to the increase in the
ratio of CFx/F during the source power off time. The etch profile of
SiO2 masked with ACL also improved. Therefore, for the synchro-
nized dual pulsed 60/2 MHz CCP, the most anisotropic SiO2 contact
etch profile with the highest SiO2 etch rate was obtained for the
condition with a pulse phase lag of 0� between the source power
pulsing and the bias power pulsing.
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