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ABSTRACT
An automatically and fast-controlled frequency tunable radiofrequency (rf) system is employed to a plasma etching device, where the rf system
contains two rf amplifiers operational in 37 MHz–43 MHz for a plasma source and a wafer stage. Both impedance matching circuits for the
source and the wafer stage have no variable capacitors, leading a compact design of the rf system; the power reflection can be minimized by
adjusting the frequencies. The rf frequency and the output power are automatically controlled so as to minimize a reflection coefficient and
to maintain a constant net power corresponding to a forward power minus a reflected power for both the source and the stage. The source
is operated with SF6 and C4F8 gases for silicon etching and passivation in the Bosch process, respectively. For both the cases, the impedance
tuning can be accomplished within several ms and the net power is maintained at a constant level. By alternatively switching the SF6 and C4F8
plasmas with pulse widths of 5 s and 2 s, respectively, a vertical silicon etching is performed, where a scallop structure is clearly formed on
the etching side wall. By shortening the pulse widths down to 1 s and 0.4 s for the SF6 and C4F8 plasmas, the size of the scallop structure is
significantly reduced; the usability of the automatically and fast-controlled rf plasma source for the Bosch process is demonstrated.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0038596

I. INTRODUCTION
Low-pressure plasmas have been widely used in various appli-

cations, such as plasma processing devices for semiconductor man-
ufacturing,1 space propulsion devices,2,3 and fusion plasmas.4 The
source is often operated in the frequency range of 1 MHz–100 MHz
and the rf power is coupled with the plasmas in capacitive, induc-
tive, and wave modes. To transfer the rf power to the load, the load
impedance has to be matched to the output impedance of the gen-
erator and the characteristic impedance of a power transmission
line, which are typically 50 Ω. For the case of the plasma applica-
tions, the load impedance is changed by the existence of the plasma
and its parameters. Therefore, the impedance matching circuit (MC)
including two variable capacitors and an inductor (if necessary) is
generally used to adjust and match the impedance.5 To tune the
load impedance by using the MC, the capacitances are adjusted
by mechanical motion, causing a poor temporal response of the
impedance tuning and preventing the size of the MC from being
compact.

A pulsed rf system is often useful for the industrial plasma
processing technologies, e.g., dry silicon etching. In the middle of
1980s, Boswell and Henry have demonstrated that the etch selec-
tively greater than 100 between Si and SiO2 in SF6 can be obtained
by pulsing the rf plasma.6 In the widely used vertical silicon etching
process, known as the Bosch process,7 the etching and passivation
steps are temporary switched, where SF6 and C4F8 gases are typically
used for the etching and passivation, respectively.8,9 This temporary
divided process results in a formation of a discontinuous structure
on the sidewall (known as a “scallop”). Various approaches have
been made to reduce the scallop size or to achieve the scallop-free
vertical etching. Voss et al. have reported a modified Bosch pro-
cess, introducing C4F8 in the SF6 etching step to achieve the smooth
vertical etching.10 Park et al. have shown that the scallop structure
can be minimized by performing an etching with a SF6 plasma after
the Bosch process.11 Since the scallop size strongly depends on the
etching depth for each cycle, the scallop size can be reduced by short-
ening the etching time per step or by lowering the etching rate, which
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has been demonstrated for both the small and large diameter silicon
wafers.12–15 These experiments have been operated with the etching
step with the pulse width of an order of a second; the time required
for the impedance matching has to be much shorter than the plasma
pulse width. When increasing the etching rate, e.g., by using a high-
density plasma source, a faster impedance tuning technique would
be required to maintain the reduced scallop size.

Several fundamental studies on the rf system and the plasma
source have been conducted so far. For a relatively low-frequency
range less than 1 MHz, a H-bridge switching circuit has been used
to generate the high density plasma.16–19 Charles et al. have used
the frequency-variable rf generator operated at 13.56 ± 0.678 MHz
with the fixed small capacitors,20 and they have recently tested a
more compact switch mode amplifier.21 One of the authors has
used more broadband amplifier, which covers the frequencies giv-
ing the minimum reflection coefficients with no plasma and with
plasmas.22 Furthermore, the automatic and fast control of the
impedance tuning has been demonstrated by incorporating a field-
programmable gate array (FPGA) board including analog–digital
(AD) and digital–analog (DA) converters, where the frequency and
the output power are controlled by the board so as to minimize
the reflection coefficient of the rf power and to maintain a con-
stant net power (corresponding to a forward power minus a reflected
power).23 The statistical assessment of the plasma production has
shown the reliable reproducibility and stability;24 these previous
experiments have been performed in argon gas to assess the basic
characteristics of the rf plasma source.

In the present experiment, the automatically and fast-
controlled rf system is applied for a plasma etching device using the
Bosch process, where the FPGA-board-controlled rf system includes
two rf generators for the plasma production and the wafer bias. The
impedance matching can be accomplished within ∼ 5 ms for both
the plasmas with the SF6 and C4F8 gases. The clear scallop struc-
ture is formed on the side wall by the Bosch process with the etching
time of 5 s per step, while it is demonstrated that the scallop size
can be reduced by shortening the plasma pulse width to 1 s. Since
the impedance matching time is in the order of ms, the rf system
can be applied to a more shorter pulse process. In addition to the
application in the terrestrial industry shown here, a perspective of
the application of the rf system to a space propulsion device is also
discussed.

II. EXPERIMENTAL SETUP
A. Etching reactor

Figure 1 shows the schematic diagram of the etching reactor,
where a weakly magnetized rf plasma source is used for efficient gen-
eration of a high-density plasma. The reactor has a 114 mm cubic
chamber evacuated by using a 70 L/s turbomolecular pump to a
base pressure of 10−4 Pa. The plasma source is attached to the top
side of the chamber, consisting of a 50 mm-outer diameter and
42 mm-inner diameter ceramic (Al2O3) tube wound by a double-
turn rf loop antenna and a solenoid providing a static magnetic
field. In this configuration, the inner volume of the chamber and
the source is estimated as 0.85 L. A dc solenoid current of 4.5 A
is supplied to the solenoid, forming an axial magnetic field of
about 45 G at the solenoid center. A 20 × 20 mm2 square silicon
wafer is mounted on the wafer stage being electrically isolated from

FIG. 1. Schematic diagram of the experimental setup.

the grounded chamber, where the stage is water-cooled and the stage
temperature is maintained at 20 ○C. After SF6 and C4F8 gases are
introduced from the upstream flange via mass flow controllers for
the etching and passivation steps, respectively, the rf powers are sup-
plied from the rf system (described later) to the rf antenna and to
the wafer stage via the MCs, resulting in the plasma production in
the source and the wafer bias enhancing the vertical ion acceleration
toward the wafer surface. The pressure measured at the chamber wall
with the typical gas flow rates of 10 SCCM is about 0.6 Pa for both the
cases of SF6 and C4F8. Therefore, the effective pumping speed can be
estimated as about 30 L/s. The residence time of the gas can be cal-
culated from the inner volume and the effective pumping speed as
∼30 ms; about 99% of the gas can be pumped from the system within
about 150 ms–200 ms. It is mentioned that the MC for the plasma
source contains no variable capacitor and consists of only the small
ceramic capacitors, and the design of the matching circuit has been
reported earlier.23 Since the load is capacitive for the wafer stage, a
small inductor is added in the MC for the wafer stage, where the rf
voltage measured at the wafer stage is about 300 Vpp for the typi-
cal wafer bias power of Pbias = 5 W, yielding a dc self-bias voltage
of about 150 V. The passivation step with C4F8 and the etching step
with SF6 (defined as a cycle) are alternatively switched to perform
the Bosch process. The sequence including the control of the pulse
width of the rf powers and the gas control is programmed by using
the LabVIEW program, and the detailed parameters are shown in
Sec. III.

B. rf system
The rf system includes two generators to supply the rf pow-

ers to both the plasma source and the wafer stage, as shown in
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Fig. 2, but is very similar to the previously reported single rf sys-
tem.23 Very briefly, an rf signal from a voltage-controlled oscillator
(VCO) is input into a voltage variable attenuator (VVA) and fur-
ther input into a main amplifier in the frequency range of 37 MHz–
43 MHz for each rf system. The amplified rf power is transmitted
to the load via a bi-directional rf coupler and 50 Ω coaxial cables.
The rf signals coupled with the forward (P f ) and reflected (Pr) pow-
ers are converted into dc voltages by using zero-bias Schottky diode
rf detectors and low-pass filters (LPF). For automatic and fast con-
trol of the frequency and the output power, a CompactRIO Single-
Board Controller (National Instruments, sbRIO-9637) is mounted
on the system. This controller board includes the Linux real-time
operating system (OS), field-programmable gate array (FPGA), and
analog–digital/digital–analog (AD/DA) converters; it has ports of
the digital input/output (DIO), analog input (AI), and analog output
(AO). The voltage signals to the VCO and the VVA are controlled by
the AO channels and the forward and reflected rf powers are moni-
tored by measuring the voltage signals from the LPF, which are input
into the AI channels. The DIO channels are used to generate the gate
signal of the rf pulse and to monitor some signals from the thermal
interlock.

FIG. 2. Schematic diagram of the rf system containing the two rf amplifiers
(37 MHz–43 MHz) and the board controller, where the maximum rf powers of the
amplifiers are about 200 W and 100 W for the plasma production and the wafer
bias, respectively.

A reflection coefficient ∣Γr ∣ can be obtained by

∣Γr ∣ =
√

Pr/P f (1)

and be calculated on the CompactRIO Single-Board Controller. The
rf frequency is automatically adjusted so as to minimize the reflec-
tion coefficient within a few ms and is fairly constant during the rf
pulse, as already reported in Ref. 23. No drastic change in the fre-
quency is observed between the SF6 and C4F8 cases for the plasma
source. Furthermore, the similar behavior in the frequency shift is
confirmed for the wafer bias power. It should be mentioned that the
plasma parameters are significantly affected by the net power corre-
sponding to the forward power minus the reflected power, rather
than the output power from the generator. Therefore, the output
power is controlled so as to maintain the net power at a constant level
simultaneously with the frequency tuning. A more detailed method
can be found in Ref. 23. The net powers for the plasma source and
the wafer bias are labeled Pnet and Pbias, respectively.

III. RESULTS
The net rf power for the plasma source is chosen as Pnet

= 100 W for both the etching (SF6) and passivation (C4F8) steps in
the Bosch process, where the ratio between the etching and passi-
vation times is maintained at 5 : 2 as described later. Figures 3(a)
and 3(b) show the temporal evolutions of the forward P f (black
lines), reflected Pr (blue lines), and net Pnet (red lines) powers
for the source in the etching and passivation steps with the pulse
widths of 5 s and 2 s, respectively. Figures 4(a) and 4(b) show the
same dataset as in Figs. 3(a) and 3(b), respectively, in the etch-
ing and passivation steps with the pulse widths of 1 s and 0.4 s.
The net power data extracted in the initial 20 ms of the rf pulse
from Fig. 4(b) is also shown in Fig. 4(c) to look at the tempo-
ral evolution in detail. After the forward and net powers over-
shoot the setting value of 100 W at the initial time of the rf
pulse, the net power is found to be stabilized at 100 W within
∼ 5 ms, as shown in Fig. 4(c). During the discharge pulses in Figs. 3
and 4, the net power is clearly maintained at the constant level. Sim-
ilar behavior is also seen for the rf powers supplied to the wafer stage
(not shown here), where the rf power for the wafer bias is applied in
the etching step for 1 s and 0.2 s, for the cases of the rf pulse widths
of 5 s and 1 s in the source, respectively, i.e., the initial 20% of the
pulse width for the plasma production. These datasets shown here
indicate that the fast- and automatically controlled rf system can
be applied to the reactive plasmas for the etching and passivation
cycle in the Bosch process, as well as the previously reported argon
plasma.23 According to the fact that the net power is stabilized at the
setting value within several ms, the present rf system can be applied
to plasmas with a shorter pulse width if required.

An isotropic etching rate with the SF6 plasma is assessed before
performing the Bosch process, as the scallop size is expected to be
affected by the etching rate and the etching time per cycle. Figure 5
shows the isotropic silicon etching rate as functions of (a) the net
source rf power Pnet and (b) the gas flow rate CSF6 , where the data
plotted by open circles are taken for (a) CSF6 = 10 SCCM and (b)
Pnet = 100 W. Filled squares in Fig. 5 are obtained for Pnet = 150 W
and CSF6 = 15 SCCM. Figure 6 shows the scanning electron micro-
scope (SEM) image of the wafer, showing the isotropic etching,
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FIG. 3. Temporal evolutions of the forward (P f , black lines), reflected (Pr , blue
lines), and net (Pnet , red lines) powers for the pulse widths of (a) 5 s in SF6 and (b)
2 s in C4F8.

FIG. 4. Temporal evolutions of the forward (P f , black lines), reflected (Pr , blue
lines), and net (Pnet , red lines) powers for the pulse widths of (a) 1 s in SF6 and (b)
0.4 s in C4F8. (c) The net power data extracted in the initial 20 ms of the rf pulse
from (b).

where a patterned 200 nm-thick aluminum mask is used. It can be
seen in Fig. 5 that the etching rate increases with the increase in the
net rf power Pnet and the gas flow rate CSF6 ; the maximum etching
rate above 10 μm/min can be obtained in the present experiment.

FIG. 5. Measured silicon etching rate as functions of (a) the net rf power Pnet and
(b) the SF6 gas flow rate CSF6

for the isotropic etching. The data plotted by the
open circles are taken for CSF6

= 10 SCCM in (a) and for Pnet = 100 W in (b). The
filled squares are taken for CSF6

= 15 SCCM and Pnet = 150 W.

FIG. 6. SEM image of the silicon wafer etched by the SF6 plasma for the etching
time of 60 s, the SF6 gas flow rate of CSF6

= 10 SCCM, and the net rf power
of Pnet = 100 W, where the patterned 200 nm-thick aluminum layer is used as
the mask.

For the typical etching conditions of Pnet = 100 W and CSF6 = 10
SCCM in the Bosch process (described later), the etching rate is
about 7 μm/min.

Figure 7(a) shows the timetable of the SF6 gas flow rate (CSF6

= 10 SCCM), the C4F8 gas flow rate (CC4F8 = 10 SCCM), the source
rf power (Pnet = 100 W), and the wafer bias rf power (Pbias = 5 W) in
a cycle for the Bosch process with the passivation and etching pulse
widths of 2 s and 5 s, respectively. The wafer bias rf power is applied
for the initial 1 s in the etching step, as shown in Fig. 7(a). Figure 7(b)
shows the SEM image of the silicon wafer after the Bosch process,
where the passivation and etching cycle is repeated 12 times, pro-
viding the effective etching time of 60 s. Figures 7(c) and 7(d) are
enlarged images of the dashed regions in Fig. 7(b). It is found that
the vertical silicon etching can be performed by the Bosch process,
showing the existence of the scallop structure. The etching depth by
the SF6 plasma with the pulse width of 5 s can be estimated from the
etching rate as 0.58 μm. The size of the scallop structure is identified
from the SEM image as about 0.4 μm, being close to the above esti-
mation, while it is slightly smaller than the etching depth estimated
from the etching rate. The scallop size smaller than that expected
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FIG. 7. (a) Timetable of the Bosch process for the pulse widths of 2 s in the pas-
sivation step and 5 s in the etching step, where the net rf power is chosen as
Pnet = 100 W. The gas flow rates in the passivation and etching steps are chosen
as CC4F8 = 10 SCCM and CSF6 = 10 SCCM, respectively, and the wafer is biased
for 1 s in the etching step with the rf power of Pbias = 5 W. The etching and pas-
sivation cycle is repeated 12 times. (b) SEM image of the silicon wafer etched by
the Bosch process in (a). The enlarged images of the red and blue dashed regions
are shown in (c) and (d).

from the isotropic etching rate would originated from the presence
of the passivation layer reducing the etching depth in each cycle. It is
noted that the delay of 2 s is set from injecting the gas to turning on
the source rf power in both the passivation and etching steps, which
is much longer than the gas residence time of about 30 ms.

According to the results in Fig. 7, showing that the size of the
scallop structure is dominated by the etching depth in each cycle,
it is expected that the scallop size can be reduced by shortening the
pulse width in each cycle. Therefore, the pulse widths of the passiva-
tion and etching steps are set to 0.4 s and 1 s, respectively. Figure 8
shows the set of the timetable and the SEM images of the etched
silicon wafer with the 0.4 s and 1 s pulse widths per cycle in the pas-
sivation and etching steps, respectively, where the cycle is repeated
by 60 times, maintaining the effective etching time at 60 s. The delay
of 2 s from injecting the gas to turning on the source rf power is
unchanged here to ensure the replacement of the gas in the chamber.
Figure 8 clearly shows the vertical silicon etching and the smooth
structure on the side wall, indicating the reduction in the scallop
size. Since the etching depth can be identified as about 5 μm for the
60 cycles, the scallop size would be close to ∼85 nm, which cannot be
identified in the present SEM analysis.

Once again, the impedance matching and the stabilization of
the net rf power can be performed within 5 ms–10 ms (depending
on the initial set of the VCO). Therefore, the pulse widths of the
plasma production and the wafer bias can be more shortened. This
fact implies that the scallop size could be reduced more if required.

FIG. 8. (a) Timetable of the Bosch process for the pulse widths of 0.4 s in the
passivation step and 1 s in the etching step, where the net rf power is chosen as
Pnet = 100 W. The gas flow rates in the passivation and etching steps are chosen
as CC4F8 = 10 SCCM and CSF6 = 10 SCCM, respectively, and the wafer is biased
for 0.2 s in the etching step with the rf power of Pbias = 5 W. The etching and
passivation cycle is repeated 60 times. (b) SEM image of the silicon wafer etched
by the Bosch process in (a). The enlarged images of the red and blue dashed
regions are shown in (c) and (d).

However, it should be noted that the stabilizing the mass flow rate
by the mass flow controller requires a few seconds, reducing the
effective etching rate (corresponding to the etched depth divided by
the total process time). Therefore, improvement of the gas control
system will be required for further improvement of the process.

IV. DISCUSSION
In this section, the application of the presently used rf system

to the space electric propulsion devices called a rf plasma thruster
is discussed in addition to the presently demonstrated application
to the plasma etching device. Fundamental studies on the rf plasma
expanding in a magnetic nozzle have been progressed over the
past decade, where the plasma energized by the rf power is spon-
taneously accelerated in the magnetic nozzle.25–27 Plasma physics
relating to the plasma production in the source,28,29 the particle
acceleration,30,31 the energy loss,32 and the momentum gain/loss
processes33,34 are essential to improve the thruster performance.
In addition to the above-mentioned physical issues relating to the
plasma dynamics, peripheral instruments such as the rf generator,35

design of a solenoid or permanent magnets,36,37 and controllability
of the source are also important elements for the development of the
propulsion device. Especially, the size and the weight of the rf sys-
tem mountable on the spacecraft are very limited; development of a
compact rf system is required. Furthermore, the fast and automatic
control of the impedance matching with no mechanical motion
would be useful for the space propulsion, since the frictional wear
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due to the mechanical motion and the time lag of the communica-
tion between the spacecraft and the ground control station would be
serious problems for the long-term operation of the thruster and the
impedance matching, respectively. One of the previous experiments
has implied that pulsing the rf power can inhibit a decrease in the
thrust-to-power ratio due to the neutral depletion phenomenon;38

the fast impedance tuning applicable to the pulsed plasmas would be
useful for the plasma propulsion. The automatically and fast- con-
trolled rf system used here requires only the two fixed capacitors in
the MC, and the frequency is automatically adjusted within several
ms to minimize the power reflection; it would be applicable to the
rf plasma thruster due to the compact MC and the controllability.
Since the thrust imparted by the rf plasma thruster depends on the
rf power supplied to the source, the control maintaining the constant
net power is also useful to operate the thruster stably.

V. CONCLUSION
The automatically and fast- controlled rf system is employed to

the silicon etching using the Bosch process, where the frequencies of
the rf powers and the output powers for both the plasma production
and the wafer bias are controlled by using the FPGA board so as to
minimize the reflection coefficient and to maintain the net power at
a constant level. It is demonstrated that the rf system can be applied
to the reactive plasmas for the etching and passivation processes. The
isotropic silicon etching rate of about 10 μm/min can be obtained by
using the rf plasma source having the static magnetic field. The ver-
tical silicon etching can be performed by the Bosch process, where
the size of the scallop structure on the side wall is close to the etch-
ing depth per cycle; it can be reduced by shortening the pulse width
of the plasma production in the etching step to 1 s. Since the time
required for the impedance matching and the power stabilization is
about 5 ms and much shorter than the present passivation and etch-
ing times per cycle, the pulse width can be more shortened, yielding
more reduction of the scallop size on the side wall.
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