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Abstract—For reaching a high selectivity in plasma etching, it
is required to precisely control the plasma ion energy. This can
be realized by applying a tailored pulse-shaped voltage waveform
to bias the reactor table. The bias waveform is divided into
an etching phase and discharge phase, based on the status of
the plasma reactor. During the etching phase, the waveform
is a negative voltage slope while during the discharge phase,
the waveform is a short positive voltage pulse. Recent research
has shown that switched-mode power converters can be used to
generate this kind of bias waveform. To obtain a narrow ion
energy distribution, the voltage slope rate during the etching
phase should be accurately tuned.

Traditionally, the voltage slope rate is tuned manually by find-
ing the optimal ion energy distribution from the measurements
by a retarding field energy analyzer. However, measurements
using a retarding field energy analyzer is interactive with the
plasma thus affecting the etching process. On the other hand, the
manual-tuning is inefficient since iterative retuning is required
if the operating condition is changed. In this paper, an auto-
tuning method is proposed, which enables the power converter
to generate the optimal waveform automatically. The control
method is fully based on the measurements of voltage and current
waveforms on the converter side. Therefore, it is nonintrusive and
does not interact with the plasma etching process.

Index Terms—Auto-tuning, ion energy, plasma etching,
switched-mode power converter

I. INTRODUCTION

Plasma consists of positive ions, negative electrons and
neutral particles with an approximately neutral net charge
[1]. Plasma is crucial in semiconductor manufacturing, where
plasma etching and deposition are used to manipulate the
silicon wafer. Fig. 1 shows a schematic representation of
a typical inductively coupled plasma (ICP) etching reactor.
In the etching process, the target surface material of the
substrate wafer on the table is removed by chemical reactions
or physical sputtering.

As shown in Fig. 1, while gas is infused from the top, the
plasma is ignited and sustained in the chamber by utilizing the
electrical breakdown of a neutral gas with the external radio-
frequency (RF) power supply through a matching network [2].
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Fig. 1: A typical setup of an inductively coupled plasma chamber.

A power converter is connected to the table, which generates a
negative bias voltage on the substrate surface. As a result, the
ions in the bulk plasma are attracted and bombard the substrate
surface, thus providing extra energy for the chemical reaction
or introducing physical sputtering on the substrate surface for
material removal.

High-selectivity etching demands efficient removal of the
target material while maintaining the other materials, including
the etching resist and underlying materials. During etching,
the plasma ions should be accelerated to a certain energy, so
that they can provide sufficient energy to the substrate surface
reactions. Ions with an energy level below the threshold cannot
trigger etching or cause a slow reaction rate while ions with too
high energy can remove the material that should be retained,
thus degrading the selectivity. In general, the ion energy should
therefore fall into a specific narrow window. In other words, a
narrow ion energy distribution (IED) is desired. Ion energy can
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Fig. 2: The tailored pulse-shaped voltage waveform.

be controlled by biasing the substrate surface voltage potential
with a power converter [3]–[5]. Different bias voltage wave-
forms have been studied, including the RF sinusoidal voltage
waveform [6]–[9], pulse-shape voltage waveform [10]–[12],
and tailored pulse-shaped voltage waveform [13]–[17]. For a
typical dielectric substrate, the so-called tailored pulse-shaped
voltage waveform has proven to be effective and promising
[14], [17]. As depicted in Fig. 2, the tailored pulse-shaped
voltage waveform contains a negative voltage slope during the
etching phase and a positive voltage pulse during the discharge
phase. The negative voltage slope is used to compensate the
ion charge effect to achieve a quasi-constant voltage potential
on the substrate surface, thus obtaining a narrow IED. The
voltage pulse is used to swiftly discharge the substrate.

Switched-mode power converters (SMPC) can be used to
generate this waveform [18]. Under a fixed operating con-
dition, there is an optimal voltage slope rate in the etching
phase to obtain the narrowest IED. Traditionally, to find the
optimal value, voltage slope rates are tuned manually based
on IED measurements with a retarding field energy analyzer
(RFEA). With iterative manual-tuning, the narrowest IED can
be found and the corresponding voltage slope rate is found
to be optimal. However, this manual-tuning method suffers
from two major drawbacks in industrial applications. On the
one hand, the retarding field energy analyzer has to be placed
on the top of the substrate wafer during etching, which is
interactive with the plasma thus affecting the etching process.
On the other hand, the operating conditions, including the
plasma power, plasma species, substrate wafer, and so on,
could be variant from process to process. As a result, the
manual-tuning method has to be conducted repetitively in
order to tune the correct slope rate under different operating
conditions, which is inefficient.

In this research, an auto-tuning control method is proposed,
with which the power converter is able to deliver the optimal
bias waveform automatically under different operating condi-
tions. The proposed method advantageously omits the RFEA,
with only the measurements of voltage and current waveforms
on the converter side required.

II. AUTO-TUNING CONTROL METHOD

Fig. 3 depicts the equivalent electric circuit (EEC) model
of the plasma reactor, which is a simplification of the plasma
reactor model introduced in [19]. The substrate wafer is placed
on the conductive table and the table is connected to the power
converter. Usually the substrate material, such as a silicon
dioxide wafer, is dielectric, so it can be modelled as a capacitor
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Fig. 3: The equivalent electric circuit model of the plasma reactor system.

Csub. A plasma sheath is formed between the bulk plasma and
the substrate surface, the bulk plasma and the table, being the
substrate sheath and the table sheath, respectively, as shown in
Fig. 3. Plasma sheath is a region where the ion density is larger
than the electron density and ions are attracted to the material
surface. In the EEC model, each of the sheath is composed
of a dc current source, a sheath capacitance, and a diode
in parallel. Ii1 and Ii2 are the equivalent currents generated
by the bombarding ions going to the substrate and the table,
respectively, which can be regarded as constant under a fixed
plasma condition. Csh1 and Csh2 are the sheath capacitances.
Ct is the parasitic capacitance formed between the table and
the reactor wall and Ls is the stray inductance in the loop. Rp

is the equivalent plasma resistor. More details on the plasma
sheath and the derivation of the EEC model can be found
in [19]. Since they are not the focus of this paper, they are
skipped here for brevity.

The plasma ions are bombarding the substrate surface with
an energy governed by

Ei = e (up − ush1) (1)

where up is the floating potential of the plasma and can be
assumed to be zero here. During etching, the plasma ions
should be accelerated to a desired energy. Therefore, the table
should be negatively biased and ush1 should be negative. To
obtain a narrow IED in high-selectivity etching, ush1 is desired
to be quasi-constant. According to the EEC model, ush1 is
determined by

Csub
d (ush1 − ut)

dt
= Ii1 + Csh1

d (up − ush1)

dt
. (2)

By neglecting up, a constant ush1 leads to

dut
dt

= − Ii1
Csub

. (3)

In other words, the table voltage ut should linearly decrease
with a voltage slope rate of − Ii1

Csub
during the etching phase

to exactly compensate the ion charge accumulation on the
substrate surface for a constant ion energy [20]. In this paper,
this operating condition is defined as the optimal operating
point.
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For a linearly decreasing ut during the etching phase, the
plasma etching reactor can be generalized by

iout =

(
Csh1Csub

Csh1 + Csub
+ Csh2 + Ct

)
dut
dt

− Csub

Csub + Csh1
Ii1 − Ii2. (4)

In this model, all capacitances and currents are assumed to
be constant within a reasonable range around the optimal
operating point. Therefore, a linearly decreasing ut leads to a
dc output current. ut can then be approximated by uout despite
the existence of Ls.

Because Csub is continuously charging during the etching
phase, it is required to discharge it periodically to avoid over-
voltage on the substrate. By applying a positive discharge
voltage Vd to the table, both the substrate and table sheath
are restructured and reformed. The capacitor Csh1, Csh2 and
Csub are discharged through Rp in the circuit model. This
process is defined by the discharge phase.

The discharge phase should be short to increase the time
percentage of the etching process. After Csub is fully dis-
charged, a negative voltage step should be applied to the table
to restart the etching phase. The magnitude of this voltage
step determines the ion energy at the initial etching phase.
Assuming ut changes to a negative value Vs, due to the
capacitive voltage divider formed by Csh1 and Csub, ush1
obtains an initial value governed by

ush1 =
Csub

Csub + Csh1
Vs. (5)

Since Csub is typically much larger than Csh1 [19], ush1 can
be approximate by Vs. Once the etching starts, the bias voltage
should linearly decrease with the desired voltage slope rate. As
a result, the typical waveforms of the system can be drawn as
shown in Fig. 4. The waveform of ut is the so-called tailored
pulse-shaped voltage waveform.

To derive the auto-tuning control method, the circuit system
generalized by (4) can be further manipulated for simplifica-
tion. Normally, the value of Csh2 and Ii2 are relatively small
and can be neglected [19]. Therefore, a simplified description
of the system can be given by

iout =

(
Csh1Csub

Csh1 + Csub
+ Ct

)
duout
dt

− Csub

Csub + Csh1
Ii1. (6)
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Fig. 5: The topology of the switched-mode power converter.

By varying the voltage slope, the dc current changes accord-
ingly. In the optimal operating point governed by (3), (6) can
be further simplified as

iout = Ct
duout
dt

− Ii1. (7)

Since iout is a negative dc value during the etching phase,
a positive compensation current Ic = −iout can be defined
for simplicity. Denoting the voltage slope rate by S = duout

dt ,
the capacitive coefficient k(S) = −

(
Csh1Csub

Csh1+Csub
+ Ct

)
and

the current coefficient b(S) = Csub

Csub+Csh1
Ii1, (6) can then be

rewritten as
Ic = k(S) · S + b(S). (8)

Since Ct ≤ Csh1Csub

Csh1+Csub
+ Ct and Ii1 ≥ Csub

Csub+Csh1
Ii1 always

stand, when the optimal voltage slope is found, both k(S) and
b(S) should theoretically reach their maximum. Therefore, the
optimal voltage slope can be found by finding the maximum
k(S) and b(S). To find the maximum, a series of different
Sn (n = 1, 2, 3...) can be delivered in different output
cycles while the corresponding compensation current Ic,n is
measured. As a result, the corresponding k(Sn) and b(Sn) can
be approximated by

k(Sn) =
Ic,n − Ic,n−1

Sn − Sn−1
(9)

and
b(Sn) =

SnIc,n−1 − Sn−1Ic,n
Sn − Sn−1

, (10)

respectively. The step value of Sn−Sn−1 should be sufficiently
small so that the approximations of (10) and (10) hold. When
k(Sn) reaches its maximum value at Sn = Sm, the optimal
output voltage slope is found to be Sm.

III. SWITCHED-MODE POWER CONVERTER

An SMPC was designed and applied to deliver the tailored
pulse-shaped voltage waveform with a controlled voltage
slope, the topology of which is shown in Fig. 5. The power
converter consists of four controllable dc voltage levels Vdsn,
Vfsn, Vrsn and Vssn and a controllable dc current source Ic.
Vdsn and Vssn are utilized to generate Vd and Vs at the output,
respectively. Since the reactor is a capacitive load, the stray
inductor Ls is utilized to resonantly charge and discharge the
load capacitor with the dc voltage sources. Vfsn and Vrsn are
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Fig. 6: The operation of the switched-mode power converter.

two intermediate voltage levels used to reduce the resonance
during charge and discharge, respectively. The dc current
source Ic is realized by an inductor in series with a voltage
source. During the etching phase, iout = −Ic.

A blocking capacitor Cb is used at the switch-node in order
to produce an equal current flowing into both sides of the
converter [21]. A self-biasing dc offset voltage Vb is then
formed over Cb, the value of which is determined by the
plasma condition and the output waveform. The value of Cb

should be much larger than Ct and Csub such that Vb can be
assumed constant during steady state operation. In this case,
the voltage level Vd, Vr, Vf and Vs of ut are governed by

Vd
Vr
Vf
Vs

 =


Vdsn
Vrsn
Vfsn
Vssn

−


Vb
Vb
Vb
Vb

 . (11)

The operation of the converter is described by Fig. 6. A
more concrete description of the converter is provided in [18],
[22].

IV. EXPERIMENTAL VERIFICATION

To verify the proposed auto-tuning control method, exper-
iments were conducted with an Oxford Instruments FlexAL
plasma reactor, which is a tool for atomic layer deposition but
can also used for atomic layer etching, as shown in Fig. 7.
The pre-installed RF bias generator was uninstalled and the
aforementioned SMPC was used to deliver the required tai-
lored pulse-shaped voltage waveforms. The voltage waveforms
were measured by a differential voltage probe and the slope
rate were obtained by linear regression from the measurement
results. The blocking capacitor of the SMPC was 2 µF. Argon
plasma was excited and sustained with an inductively coupled

SMPC

Reactor

Fig. 7: The FlexAL plasma reactor.
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Fig. 8: The experimental verification process.

Table

Wafer

RFEA

Fig. 9: The reactor table, wafer and RFEA.

RF power of 200 W and the pressure inside the reactor was
kept at 2.2 mTorr. An eight-inch silicon dioxide wafer was
used as the dielectric substrate.

The experimental verification process is shown in Fig. 8.
First, the optimal operating point was found by manual-tuning
method with the measurements of the RFEA. The RFEA
was placed on the top of the substrate wafer, as shown in
Fig. 9. The measurement results of RFEA were recorded by
the computer in real-time. By comparing the corresponding
IED at various voltage slopes, the optimal operating point can
be found. After, the RFEA was removed and the voltage slopes
in the similar range were applied while measuring the resultant
current waveforms. Consequently, the optimal operating point
could be derived based on the proposed auto-tuning control,
which could be compared to the manual-tuning result for
verification.

Measurement results of a typical manual-tuning are plot in
Fig. 10. As can be seen, during the etching phase, when the
voltage is linearly decreasing, the output current is dc. Besides,
since the load is capacitive, the output current is negative
during the etching phase. When varying the voltage slope,
the width of IED varies as well. Among the cases shown in
Fig. 10, the voltage slope of T3 generates the narrowest IED.
Additionally, a narrower IED corresponds to a higher IED
peak. As a result, the IED peak can be a quantitative merit



Fig. 10: The measured waveforms of (a) the output voltage, (b) output current,
(c) a zoom-in view of the output current, and (d) the corresponding IED
measured with RFEA. T1, T2, T3 and T4 indicate different voltage slope
rates.

Fig. 11: The measured waveforms, being from top to bottom: bias voltage,
output current and a zoomed-in view of the output current, respectively. T1,
T2, T3 and T4 indicate different voltage slopes.

used for further comparison.
The bias waveforms in the similar magnitude range were

applied to the reactor after the RFEA was removed. The
measurement results are shown in Fig. 11. As can be seen,

Fig. 12: The measured dataset of Sn and Ic,n.

Fig. 13: The relation of k(S) and IED peak versus current Ic.

the electrical response of the plasma reactor is similar to
the case with RFEA. However, it should be noted that the
auto-tuning method should be conducted without RFEA, since
the RFEA interacts the circuit by adding extra parasitic
capacitances. Fig. 12 depicts the resultant Ic at different
voltage slopes S. As can be seen, it follows a linear relation
in general, which matches with (8). Each voltage slope Sn

results in a unique compensation current Ic. Furthermore,
the corresponding k(Sn) and b(Sn) at different voltage slope
Sn can be calculated according to (9) and (10), as shown
in Fig. 13. As can be seen, k(Sn) reaches maximum when
S = −5.64× 106 V/s as denoted by the red pentagon, while
b(Sn) only reaches its local maximum as denoted by the green
pentagon. The reason is that Ii1 is not a strictly constant value
in practice. Instead, it increases with an increasing voltage
slope S generally, yielding to a larger b(Sn) at a more negative
S. Therefore, the auto-tuning method should be conducted
based on a maximum k(S).

The auto-tuning method indicates the optimal operating
point is at S = −5.64× 106 V/s. The IED peak measured by
RFEA is also plotted in Fig. 14 as a comparison, which reaches
maximum when S = −5.96×106 V/s. The optimal operating
points found by the manual-tuning and auto-tuning method are
close, underlining effectiveness the proposed control method.
The difference between the two values could be caused by the
parasitic capacitances introduced by the RFEA but requires
further verification. Meanwhile, the neglect of the table sheath
in the auto-tuning method could also lead to inaccuracy.

V. CONCLUSION

The tailored pulse-shaped voltage waveform can be used
to precisely control the plasma ion energy in plasma etching



Fig. 14: The relation of k(S) and IED peak versus the voltage slope rate S.

applications. The waveform can be generated by switched-
mode power converters. To obtain a narrow ion energy
distribution, traditional methods use manual-tuning to find
the optimal waveform with the help of an RFEA. In this
research, an auto-tuning control method to automatically find
the optimal waveform is proposed. The method requires only
the measurement of voltage and current waveforms on the
converter side while omits the use of RFEA. Experiments have
been conducted on a plasma etching reactor for verification.
The optimal operating point found by the manual-tuning and
auto-tuning is close, which demonstrate the correctness of the
proposed method. The proposed auto-tuning control method
has been patented [23].

The proposed control method is realized offline in this paper.
Therefore, an online realisation is desired in the future. Further
research could focus on the verification of the auto-tuning
method by using methods other than RFEA, such as etching
a material with specific ion energy threshold, to exclude the
parasitics introduced by the RFEA.
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