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The characteristics of embedded pulse plasma using 60 MHz radio frequency as the source power
and 2 MHz radio frequency as the bias power were investigated for the etching of SiO2 masked
with an amorphous carbon layer (ACL) using an Ar/C4F8/O2 gas mixture. Especially, the effects
of the different pulse duty ratio of the embedded dual-frequency pulsing between source power
and bias power on the characteristics on the plasma and SiO2 etching were investigated. The
experiment was conducted by varying the source duty percentage from 90 to 30% while bias duty
percentage was fixed at 50%. Among the different duty ratios, the source duty percentage of 60%
with the bias duty percentage of 50% exhibited the best results in terms of etch profile and etch
selectivity. The change of the etch characteristics by varying the duty ratios between the source
power and bias power was believed to be related to the different characteristics of gas dissociation,
fluorocarbon passivation, and ion bombardment observed during the different source/bias pulse
on/off combinations. In addition, the instantaneous high electron temperature peak observed during
each initiation of the source pulse-on period appeared to affect the etch characteristics by significant
gas dissociation. The optimum point for the SiO2 etching with the source/bias pulsed dual-frequency
capacitively coupled plasma system was obtained by avoiding this instant high electron temperature
peak while both the source power and bias power were pulsed almost together, therefore, by an
embedded RF pulsing.
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1. INTRODUCTION
In the fabrication of nano devices, the pattern size
has gradually been reduced to the deep nano scale for
the better performance and ultra large scale integration
(ULSI).1–3 As a result, the lateral dimension of the devices
was reduced significantly to tens of nanometers; how-
ever, the vertical dimension of the devices could not be
decreased proportionally to maintain the device properties.
Therefore, the aspect ratio of the devices has been sig-
nificantly increased and one of the important processes
for ULSI devices is the dry etching process for the high

∗Author to whom correspondence should be addressed.

aspect ratio contact (HARC).4–7 For the HARC etching,
there are several challenges such as higher etch selectiv-
ity, tighter critical dimensional control, and lower plasma
induced damage caused by the incident high ion bombard-
ment energy.8–13

To overcome those challenges, therefore, for
nano-scaled selective etching with low damage, the
various plasma etching methods have been widely
investigated.14–19 The pulsed plasma etching is one of the
most promising candidates for improvement of the etch
characteristics in the etching of nano-scaled materials.
It is possible to control the plasma characteristics such
as plasma chemical composition and ion bombardment
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energy independently and additionally by adjusting the
pulse parameters such as duty ratio and pulse frequency
during the operation of the plasmas. The reported main
advantages of pulsed plasma were reported to be improve-
ment of the etch selectivity and etch uniformity due to the
decreased gas dissociation and enhanced radical diffusion.
In addition, control of the etch profile and critical dimen-
sion was reported due to the reduction of plasma-induced
damage by charging. Thus, pulsed plasma technology
has been widely investigated for nano-scaled etching
applications to improve the plasma uniformity, etch selec-
tivity, and etch profile by reducing the plasma-induced
damages. Especially, dual-pulsed plasma etching using
pulse synchronization is a strong candidate for obtaining
deep nanoscale HARCs, wherein both the bias and source
are simultaneously pulsed (synchronous pulsing) with or
without time delay between them. Since the power is
actively deposited for only a fraction of the time, pulsed
plasmas offer the possibility of working with low electron
energy regimes and with less dissociated (and less reac-
tive) plasmas, resulting in better process performance in
terms of damage, selectivity, and etch profile control.20

For nanoscale HARC etching with synchronous puls-
ing, the effects of the pulse parameters such as pulse fre-
quency, phase lag between the source and bias pulses, etc.,
have been widely investigated.21–25 However, the effects
of other pulsing techniques such as changing the duty
ratios between the source power and the bias power dur-
ing HARC etching, have not yet been fully investigated,
and thus require a more detailed examination. Therefore,
in this study, an embedded radio frequency (RF) pulsing
for dual-frequency capacitive coupled plasma (DF-CCP)
was used, and the effects of different duty ratios between
source pulsing and bias pulsing on the characteristics of
the plasma and the HARC etching was studied.

2. EXPERIMENTAL DETAILS
The experimental setup of the embedded pulse DF-CCP
system used in this study is shown in Figure 1. The radio
frequency (RF) discharge was maintained between the two
parallel plate electrodes, which were separated by 30 mm.
The top electrode was covered with a perforated silicon
plate to flow gases uniformly and it was connected to a
60 MHz RF power (high frequency; HF) source which
could be pulsed to control the plasma characteristics and
to control the pulse signal delay of the 2 MHz (low fre-
quency; LF) pulsed RF power applied to the substrate.
Synchronization of the 2 MHz RF power to the 60 MHz
RF power was obtained by connecting the 60 MHz pulse
signal to a digital delay generator (DDG 645, SRS), a sig-
nal generator (8657B, HP), and an RF power amplifier
(A1000, ENI), in series. Therefore, the source power puls-
ing was served as a master and the bias power pulsing
was served as a slave by receiving the source pulse sig-
nal from the DDG. The pulse signal generated from the

Figure 1. Schematic diagram of the embedded pulse dual-frequency
CCP. A pulsed 60 MHz source pulse power was applied to the top elec-
trode 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.

60 MHz was also used to control the time-resolved optical
emission spectrometer (OES) installed on the quartz win-
dow. An emissive probe was installed inside the chamber
to observe the temporal electron temperatures. Figure 2
shows a cartoon illustration of the embedded pulse wave-
form for the pulse duty ratios between te source hpower
pulsing and bias power pulsing during the embedded puls-
ing of 60/2 MHz CCP. In addition to the 60 MHz source
power, the 2 MHz bias power applied to the substrate was
embeddedly pulsed with the source power. As shown in
the figure, the duty percentage of the source power pulse
was varied from 30 to 90% while keeping 50% of bias
power pulsing. The bias pulse was set to be synchronously
ended when the source pulse was ended.
The 2 �m 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 by various
source duty percentages as shown in Figure 2 while keep-
ing the bias both duty percentage at 50% and the pulse fre-
quency at 1 KHz in the embedded pulsing. Ar/C4F8/O2 gas
chemistry (60 MHz HF power/2 MHz LF bias voltage=
300 W/−1000 V, Ar/C4F8/O2 = 140/40/5 sccm, and the
process pressure of 30 mTorr) was used while maintaining
the substrate temperature at room temperature by water
cooling. For various duty ratio conditions, the etching time
was varied for about 1300 nm thickness of etch depth after
dry etching.
Etch characteristics such as the etch rates of SiO2

HARC layer/ACL and the etch profiles using the
Ar/C4F8/O2 gas chemistry were estimated by field emis-
sion scanning electron microscopy (FE-SEM, Hitachi
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Figure 2. Schematic diagram of the pulse waveform between source
power pulsing and bias power pulsing for various duty ratios in the
embedded pulse 60/2 MHz CCP.

S-4700). The radicals which dominantly affect the etching
were observed using time-resolved optical emission spec-
troscopy (OES). The time-resolved OES (Andor iStar 734)
was composed of a grating monochromator and an intensi-
fied charge coupled device (ICCD). For the time-resolved
data collection, the OES data were collected with the inter-
val of 100 �s in the 1 kHz of pulse period and the data
were averaged after the collection for 10 times. The instant
change of the electron temperature for variously embedded
pulse conditions of 60/2 MHz DF-CCP was calculated by
using a home-made emissive probe. In addition, the chem-
ical binding characteristics of the etched SiO2 surface for
the differently embedded pulse conditions were observed
using X-ray photoelectron spectroscopy (XPS, ESCA2000,
VG Microtech Inc.).

3. RESULTS AND DISCUSSION
Etch rates of SiO2 and ACL, and the etch selectivity of
SiO2/ACL measured as a function of the source pulse duty
percentage while the bias duty percentage was kept at 50%
and the pulse frequency at 1 kHz and the results are shown
in Figure 3. The bias pulse was synchronously ended when
the source pulse was ended as shown in Figure 2. The
conditions of 300 W of 60 MHz RF power and −1000 V
of 2 MHz RF bias voltage were used with the gas flow
rates of Ar (140 sccm)/C4F8 (40 sccm)/O2 (5 sccm) and
the operating pressure of 30 mTorr. As shown in the figure,
with decrease of the source duty percentage from 90 to

Figure 3. Etch rates of SiO2 and ACL, and the etch selectivity of
SiO2/ACL measured as a function of the source pulse duty percentage
while the bias duty percentage was kept at 50% and the pulse frequency
at 1 kHz. The bias pulse was synchronously ended when the source pulse
was ended. 300 W of 60 MHz RF power and −1000 V of 2 MHz RF
bias voltage were used with the gas flow rates of Ar (140 sccm)/C4F8/
(40 sccm) O2 (5 sccm) and the operating pressure of 30 mTorr.

30% while keeping the bias duty percentage at 50%, both
the SiO2 etch rate and ACL etch rate were decreased pos-
sibly indicating etching of the materials by reactive gas
species dissociated by the source power only while no bias
power was applied. Because the ACL layer was preferen-
tially etched for the condition with the source power only,
the etch selectivity was increased with the decrease of the
source pulse percentage; however, it was almost saturated
at the source power pulse percentage of 60%.
The SiO2 etch profiles masked with an ACL for the

conditions in Figure 3 were observed by FE-SEM and
the results are shown in Figure 4. The thickness of the
ACL was 600 nm and the etch depth of SiO2 was kept at
1.3 �m. The etch rate of SiO2 was decreased with decrease
of the source duty percentage; therefore, longer etching
time was required to etch SiO2 to 1.3 �m deep for the
lower duty percentages. As shown in the figure, as the
source duty percentage was decreased from 90 to 60%
while the bias duty percentage was fixed at 50%, more
anisotropic etch profile was observed. In addition, the crit-
ical dimension (CD) of the contact hole was decreased
with decreasing source duty percentage. However, when
the source duty percentage was further decreased to 50%
and 30% while keeping the bias duty percentage at 50%,
the etch profile changed worse again by showing bow-like
sidewall while remaining the similar ACL layer thickness.
To understand the results of the etch rates and etch

profiles observed as a function of the source pulse
duty percentages in Figures 3 and 4, changes of the
time-varying plasma characteristics by the different pulse
duty percentages were investigated using an emissive
probe and time-resolved OES. Figure 5 shows the instant
variation of electron temperature estimated as a func-
tion of time for the source pulse duty percentages of
(a) 30%, (b) 50%, (c) 60% and (c) 90% while the bias duty
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Figure 4. Etch profiles of ACL-masked SiO2 contact hole pattern observed by FE-SEM after etching as a function of the embedded pulse duty cycle
of (a) 90%, (b) 60%, (c) 50%, and (d) 30%, while the bias duty percentage was kept at 50% and the pulse frequency at 1 kHz. The etch time of SiO2

contact hole was varied to obtain the etching depth of about 1.3 �m. The process conditions are the same as those in Figure 3.

percentage was kept at 50% and the pulse frequency of
1 kHz. The bias pulse was set to be synchronously ended
when the source pulse was ended. 300 W of 60 MHz RF
power and −1000 V of 2 MHz RF bias voltage were used
with 140 sccm of Ar gas flow rate and 30 mTorr of oper-
ating pressure. By the emissive probe, the time-varying
plasma potentials (Vp� and floating potentials (Vf� were

Figure 5. Instant variation of electron temperature estimated as a function of time for the source pulse duty percentages of (a) 30%, (b) 50%, (c) 60%
and (c) 90%, while the bias duty percentage was kept at 50% and the pulse frequency at 1 kHz. The bias pulse was synchronously ended when the
source pulse was ended. 300 W of 60 MHz RF power and −1000 V of 2 MHz RF bias voltage were used with the Ar gas flow rate of 140 sccm and
the operating pressure of 30 mTorr.

measured and the instant electron temperature (Te� was
calculated from the following equation;

Vp−Vf =
kTe
2e

ln
(
2M
�m

)

where, k is the Boltzmann constant, Te is the electron tem-
perature, m is the electron mass, and M is the Ar atomic
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mass. As shown in Figure 5, when the source pulse was
initiated, a sudden increase of the electron temperature of
about 10∼14 eV was observed and the electron tempera-
ture was rapidly decreased to about 6 eV and was slightly
increased with time until the source pulse was off. For
the bias pulsing, it also showed a slight increase of elec-
tron temperature during the initiation of the bias pulsing to
about 2 eV and and the electron temperature was rapidly
decreased to about 1 eV. Therefore, as shown in Figure 5,
for the source pulse duty percentages of 30% and 50%, a
high instant electron temperature peak was embedded in
the bias pulse on time, while it was not embedded for the
source pulse percentages of 60% and 90%.

To determine the effects of the different electron tem-
peratures observed during the synchronized dual frequency
pulsing on change of the gas dissociation characteristics,
the temporal gas dissociation characteristics were mea-
sured using time-resolved OES. Figure 6 shows the time-
resolved OES intensity ratios of F/Ar, CFx/Ar (x = 2, 3),
and CFx/F (x= 2, 3) measured as a function of the source
pulse duty percentage from 30 to 90%, while the bias
pulse duty percentage was fixed at 50%. The process con-
ditions were the same as those in Figure 4. As the OES
peak intensities, the peak intensities observed at 703 nm,

Figure 6. Time-resolved OES intensity ratios of F/Ar, CFx /Ar (x = 2, 3), and CFx /F (x = 2, 3) measured as a function of the source pulse duty
percentage from 30 to 90% while the bias pulse duty percentage was fixed at 50%. The process conditions are the same as those in Figure 4. The
source duty percentages: (a) 30%, (b) 50%, (c) 60%, and (d) 90%.

245∼265 nm, 265∼285 nm, and 751 nm were used for
F, CF2, CF3, and Ar, respectively, and the optical emis-
sion intensity ratios of the dissociated radicals to Ar were
used for estimation of the radical concentration in the
plasma. As shown, when the source pulse was on, radi-
cals such as F, CF2, and CF3 were increased and low CFx

(x = 2, 3)/F ratios were obtained due to the increased gas
dissociation caused by the high electron temperature of
6∼8 eV obtained with the high frequency source power
shown in Figure 5, regardless of the low frequency bias
pulse (on or off). Especially when the source pulse was
initiated, due to the instant high electron temperature peak
of 10∼14 eV, the higher radical concentrations and lower
CFx (x = 2, 3)/F ratios were observed by the higher gas
dissociation. On the contrary, when the source pulse was
off, regardless of the bias pulse (on or off), the radicals
were decreased slowly due to recombination of the disso-
ciated gases. In addition, when the source power was off,
the CFx (x = 2, 3)/F ratios were increased significantly
indicating the possibility to form a high fluorocarbon pas-
sivation layer.
To investigate the possibility of formation of a fluoro-

carbon layer on the ACL and the sidewall of the etched
SiO2, the chemical binding characteristics of the etched
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Figure 7. XPS narrow scan data of C1s of (a) the etched ACL surface and (b) the etched SiO2 surface for different pulse duty percentages of 30∼90%
while the bias duty percentage was kept at 50%. The SiO2 and ACL were etched until 1.3 �m of SiO2 was etched. The process conditions are the
same as those in Figure 4.

SiO2 surface and ACL surface were investigated using
XPS. Figures 7(a) and (b) show the results of carbon
binding states for the etched ACL surface and etched
SiO2 surface measured for different pulse duty percent-
ages, respectively. To analyze the carbon binding states
(C1s), blank SiO2 and ACL were etched until 1.3 �m of
SiO2 was etched with various duty percentages. The pro-
cess conditions were the same as those in Figure 4. As
the C1s binding peaks, peaks related to C–C (285.0 eV),
C–CF (287.4 eV), CF (289.6 eV), and CF2 (291.7 eV)
could be observed. The CFx (x = 1, 2) binding in the
XPS C1s narrow scan data was related to the fluoro-
carbon polymer passivation layer formed on the material
surfaces. As shown in the figure, a fluorocarbon passiva-
tion layer was formed both on the SiO2 surface and on
the ACL surface. In addition, the binding peak intensi-
ties related to CF and CF2 were increased as the source
duty percentage was decreased from 90 to 60%, possi-
bly indicating increased thickness of the fluorocarbon pas-
sivation layer. However, further decrease of the source
pulse duty percentage to 50 and 30% did not change
the peak intensities related to CF and CF2 significantly,
indicating no significant change in the fluorocarbon layer
thickness.
From Figures 5 to 7, the improvement of etch selectivity

and etch profile observed in Figures 3 and 4, respectively,
by decreasing the source pulse duty percentage from 90 to
60% are believed to be related to the increased thickness
of the fluorocarbon passivation layer on the ACL mask
surface and the sidewall of the etched SiO2 surface. When
the source pulse duty percentage is equal to and lower
than 50%, the instant high electron temperature peak is
included in the bias pulse on-time and the bias pulse stays

on without the source power for the source duty percent-
age less than 50%. Therefore, the ACL mask is bombarded
by energetic reactive ions and shows the enhanced edge
erosion (facet). Mask faceting is a well-known event, gen-
erating the profile distortion during plasma processes. It
is generated by sputtering the edge of the mask by high
energy ions. Once it has been initiated, the facet devel-
ops very fast since the sputtering rate of non-horizontal
surfaces (the edge of the mask) is higher than flat sur-
faces (the top of the mask). The faceting of the ACL mask
increases the ion scattering to the sidewall of the SiO2

contact hole, therefore, forms bow-like SiO2 etch profiles
as shown in Figures 4(c) and (d). Eventually, the most
anisotropic SiO2 etch profile observed in Figure 4(b) is
believed to be obtained by avoiding the source pulse initia-
tion period during the bias pulse on time while almost syn-
chronously pulsing the source power and the bias power,
that is, by using the embedded pulsing of 60% source puls-
ing with 50% bias pulsing.

4. CONCLUSION
The effects of the pulse duty ratio between the 60 MHz
source power applied to the top electrode and the 2 MHz
bias power applied to the bottom substrate during the
dual pulsed 60/2 MHz CCP on the plasma characteristics
and etch characteristics of SiO2 were investigated using
an Ar/C4F8/O2 gas mixture. In all of conditions, regard-
less of the bias power pulsing, low CFx/F ratios were
observed during the source power pulse on time due to
the high electron temperature of about 6∼8 eV. Espe-
cially, a lower CFx/F ratio with a higher electron tem-
perature peak of about 10∼14 eV was observed during
the initiation period of the source pulse. However, when
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the source pulse was off, regardless of the bias power
pulsing, high CFx/F ratios with electron temperatures of
1∼2 eV were observed. As the source pulse duty per-
centage was decreased from 90 to 60% while the bias
duty ratio was fixed at 50%, the etch selectivity of
SiO2/ACL was improved and the etch profile became more
anisotropic. However, when the source pulse duty ratios
were decreased further to 50 and 30%, the etch profile
changed to bow-like sidewall etch profile while the etch
selectivity was remaining similar. The improvements of
the etch selectivity and etch profile observed by decreas-
ing the source pulse duty percentage from 90 to 60%
were believed to be related to the increased thickness of
the fluorocarbon passivation layer, caused by high CFx/F
ratios during the source pulse off time. The bow-like
etch profiles obtained for the source duty percentages of
50 and 30% were believed to be related to the involve-
ment of initial high gas dissociation period during the
initiation of the source pulse and the energetic reactive
ion bombardment without the source pulse on. Therefore,
the most anisotropic SiO2 etch profile could be obtained
by avoiding the source pulse initiation period during the
bias pulse on time, while almost synchronously pulsing
the source power and bias power, that is, by using the
embedded pulsing of 60% source pulsing with 50% bias
pulsing.
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