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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-shape voltage waveform
to the reactor table. Recent research has shown that switched-
mode power converters can be used to generate this kind of
waveform, with the benefit of increased efficiency compared to
the traditional linear amplifier. However, the equivalent electric
circuit model of the plasma etching reactor is required in order to
do circuit simulation and make an optimized electronic design of
such switched-mode power converters. Although several circuit
models of the reactor have been presented in previous research,
they can not be directly adopted in tailored pulse-shape biasing.

In this paper, a modified equivalent electric circuit model
of the reactor is proposed. The plasma behaviour is modelled
using the equivalent electric circuit and it is suitable for electric
circuit simulation together with the power converter. Both the
electrical waveforms and the normalized ion energy distribution
can be obtained from the simulation, which are in line with the
experimental results.

Index Terms—equivalent electric circuit, ion energy distribu-
tion, plasma etching, switched-mode power converter, tailored
pulse-shape biasing

I. INTRODUCTION

Plasma consists of positive ions, negative electrons and
neutral particles with an approximately neutral net charge [1].
It plays an important role in semiconductor manufacturing,
such as using plasma etching 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 goal is to remove the surface material of the substrate
wafer on the table by chemical reactions or physical sputtering.
Plasma helps to accelerate this process by providing extra
energy to the wafer surface.

As shown in Fig. 1, while gas is infused from the top,
plasma is ignited and sustained in the chamber by an external
radio-frequency (RF) power supply through a matching net-
work. The pressure in the chamber is kept low to reduce the
particle collisions. It must be noted that parasitic capacitors
are present between the material surfaces, which influence the
reactor electrical response. 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

The authors gratefully acknowledge the financial support of Prodrive
Technologies B.V. and the assistance from Javier Escandon-Lopez, Erik
Heijdra and Tahsin Faraz.

Gas infusion

1]

Coil Plasma
. i}
l ) RF
l I Matching
I network
| . a2
= ~ Bulkplasma
I L
I }—f — - Ton sheath
b bbb
/" Substrate
Table

Pump Power

converter

Fig. 1: A typical setup of an inductively coupled plasma
etching reactor.

attracted, accelerated and as a result bombard the substrate
surface. The bombarding ions provide extra energy for the
chemical reaction or introduce physical sputtering on the sub-
strate surface for material removal. Additionally, the normal
direction of ion bombardment to the substrate surface also
enhances the anisotropy of the etching.

In order to obtain etching with high selectivity, the ion
energy should be precisely controlled. This is normally done
by controlling the substrate voltage with a power converter. For
a typical dielectric substrate, the tailored pulse-shape voltage
waveform has proved to be a proper output waveform for the
converter [2]-[5]. A switched-mode power converter (SMPC)
is proposed in [6] to generate this waveform, which has
significant higher efficiency compared to the traditionally used
linear amplifier. Besides, it omits the requirement of matching
network since the converter is quasi-dc.

However, an equivalent electric circuit (EEC) model of the
reactor is needed to enable circuit simulation and optimize



Fig. 2: The schematic of a parallel plate system. us and up
are the voltage potential of surface A and B respectively, and
up is the plasma potential.

the design of SMPC. Although some reactor models have
been derived in previous research, they are typically used for
RF biasing [1], [7]-[10] or are a steady-state simplification
in tailored pulse-shape biasing [11], [12]. These models can
not be directly used for transient simulation in tailored pulse-
shape biasing due to the different operating condition. In this
research, a modified EEC model is formed by modelling the
plasma behaviour with electric components. The proposed
circuit model can be applied in circuit simulation together with
the converter. The ion energy distribution (IED) can also be
obtained from the model.

II. REACTOR MODEL
A. Parallel plate system

In order to derive the model of the plasma reactor, firstly
the plasma sheath should be introduced. The sheath is a region
where the ion density is larger than the electron density and
is formed near the material surface. In plasma, the electrons
move more rapidly than the ions due to the significantly lower
mass. Therefore, for an initially neutral plasma close to a
surface, the electrons get lost in the surface and the ion density
becomes larger than the electron density in the region near the
surface. As a result, the surface is negatively charged, forming
an electric field which attracts ions and repels electrons [13].

In the plasma reactor, there are multiple surfaces close to
the bulk plasma, including the reactor wall, wafer and reactor
table. For simplicity, plasma confronted with two surfaces can
be modelled as a parallel plate system, as shown in Fig. 2.
The two surfaces are biased by the voltage sources and two
sheaths are formed between the bulk plasma and each surface.
Due to the existence of the sheath, the voltage potential of the
bulk plasma is always higher than the that of the confronted
surfaces. The plasma potential up is determined by the more
positive one between ua and up as represented by

up = max {ua,ug} + Vp, (D

where Vp is the voltage over the Debye sheath [14]. The
magnitude of Vp is determined by the plasma condition,
including the plasma type, temperature, pressure, etc. and is
usually 20 ~ 40 V in typical etching applications [1]. In the
equilibrium, plasma ions are attracted to both surfaces due
to the electric field in the sheath, generating an equivalent

Fig. 3: (a) The traditional EEC model and (b) the modified
EEC model of the parallel plate system

ion current. The energy of the ions bombarding the surface is
equal to eAV, where e is the element charge and AV is the
voltage drop over the corresponding sheath.

The traditional EEC model can be built to describe the
steady-state of this parallel plate system [1], [8], as shown in
Fig. 3(a). Each sheath is modelled by a current source, a sheath
capacitor and a diode in parallel with an equivalent resistor
in series. The current source in each sheath is the equivalent
current generated by the bombarding ions, the direction of
which is always towards the surface. Under a fixed plasma
condition, the ion current can be treated as a constant dc
current, which is independent on the surface potential [14].
The diode controls the voltage direction of the sheath so that
the voltage potential of the plasma is always higher than the
surface. The equivalent resistor generates a power dissipation
in the plasma and leads to a higher voltage potential of the
plasma compared to the surface.

This model is able to depict the steady-state properties of
the parallel plate system but can not be used for transient
analysis. Once the higher potential between ua and up is
determined, for instance up > up, the voltage over Cp is
charged to up — up. If the potential comparison is reversed,
Cp should be discharged. In practice, the sheath experiences a
restructuring and reforming process, in which the fast-moving
electrons are attracted by the positive voltage thus instantly
decreasing the voltage of the sheath [3]. However, there is not
a fast discharge path for the sheath capacitor in the model so
it can not represent the dynamic behaviour of the plasma.

In order to include the transient response of the parallel
plate system in the model, a modified model is proposed as
plotted in Fig. 3(b). A virtual sheath reset circuit is added
to provide a discharge path for the sheath capacitor. The
voltage comparator in the reset circuit compares the voltage
potential of the both surface and turns on the active switch
corresponding to the higher surface potential. As a result, the
capacitor voltage corresponding to the higher surface potential
becomes zero while the voltage of the other capacitor changes
according to the plasma potential. Moreover, the equivalent
resistor is replaced by a fixed dc voltage source representing
the Debye sheath voltage Vp.
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Fig. 4: The EEC model of a plasma etching reactor system.

TABLE I: The status of the sheath reset circuit

Highest voltage Output
90 g1 92
uQ 1 0
U1 Or ug 0 1 1

B. Plasma reactor model

Similar to the parallel plate system, the equivalent electric
model of the plasma reactor system can be derived as depicted
in Fig. 4. The substrate 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 Cg,,. The reactor wall
and the substrate, the reactor wall and the table each form a
parallel plate system as shown in Fig. 4. Therefore, the system
consists of three plasma sheaths in total. There exist parasitic
capacitors between the table and the reactor wall, the substrate
and the reactor wall, as also shown in Fig. 1. Those capacitors
are modelled as a lumped table capacitor C;. Ly is the stray
inductance in the power converter and the table loop.

The sheath reset circuit shown in Fig. 4 is a virtual circuit
to emulate the transient response of the plasma as previously
explained. The reset circuit detects the surface voltage poten-
tial of each sheath and control the active switches. The status
of the sheath reset circuit is described in Table I. Since the
substrate and the table are on the same side, either the substrate
or the table has a higher voltage potential than the reactor wall,
both surfaces are attracting electrons and the both sheaths are
reset at the same time.

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

Ei=e(up —usn1) =e(Vp +uc,,) - 2)

During etching, the plasma ions should be accelerated to a

»l

Fig. 5: The simplified EEC model of a plasma etching reactor
system during (a) etching phase, (b) discharge phase.

certain velocity, so that they can provide sufficient energy to
the substrate surface. Therefore, the table should be negatively
biased and ug,1 should be negative. Ions with too low energy
cause a slow reaction rate while ions with too high energy
can remove the material desired to be retained, thus degrading
the selectivity. The ion energy is required to remain in a
narrow range. Therefore, ug, is desired to be quasi-constant.
According to the EEC model, ug,1 is determined by

d (ush1 — u d(up—Vp —u

( sh(;t t) :Iﬂ +Csh1 ( P dtP shl)
During etching when the reactor table is negatively biased,
the reactor wall has a higher voltage potential than the other
surfaces. As a result, up is determined by the reactor wall and
is equal to Vp. Therefore, a constant ugn; leads to

Csub

&)

dut Ii

—_— = — . 4

dt C’sub ( )
In other words, the table voltage u; should linearly decrease
with a slope rate of — CI‘lb during etching to exactly com-

pensate the ion charge accumulation on the substrate surface
for a constant ion energy [15]. In this paper, this condition is
defined as the optimal operating point.

For a linearly decreasing u; during etching, the plasma
etching reactor can be generalized by

. CVshlc(sub dut
out — | ~ ~ Cs C 37
fout (Cshl + C’sub + b2 t) dt
CVs.ub
SR LN 5
Osub + Cshl ! 2 ( )

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 wu leads to a
dc output current. uy, can then be approximated by u,; despite
the existence of Ls. Consequently, the EEC model in Fig. 4
can be simplified as shown in Fig. 5(a) during etching.
Because Cjyyp is continuously charging during etching, it
is required to discharge it periodically to avoid over-voltage
on the substrate. By applying a positive discharge voltage
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This and Ty, are the time duration of the discharge phase and
etching phase respectively.
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Fig. 7: The topology of the switched-mode power converter.

Vg to the table, both the substrate and table sheath are
restructured and reformed. The capacitor Cy1, Cyno and Cyyp
are discharged by attracting the electrons instantly, which
is realized by the discharge path through S; and Ss in the
circuit model. This process is defined by discharge phase. The
EEC model can be simplified as shown in Fig. 5(b) during
discharge.

The discharge phase should be short to increase the time
percentage of the etching process. After Cyyp is fully dis-
charged, a negative voltage pulse should be applied to the table
to restart the etching phase. The magnitude of this voltage
pulse determines the ion energy. Assuming u; changes to a
negative value V;, due to the capacitive voltage divider formed
by Cin1 and Cyyp, ugpy obtains a initial value governed by

C(sub
sh CVsub + C'shl ‘/%
Since Cgyy, is typically much larger than Cgpy, usy1 can be
approximate by V;. As a result, the typical waveforms of the
system can be drawn as shown in Fig. 6. The waveform of w
is the so-called tailored pulse-shape voltage waveform.

(6)

III. SWITCHED-MODE POWER CONVERTER

An SMPC was designed and applied to deliver the tailored
pulse-shape voltage waveform with a controlled voltage slope,
the topology of which is shown in Fig. 7. The power converter
consists of four controllable dc voltage levels Visn, Visn, Visn
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Fig. 8: The operation of the switched-mode power converter.

and Vg, and a controllable dc current source .. Vygn and Vg,
are utilized to generate V4 and V; at the output, respectively.
Since the reactor is a capacitive load, the stray inductor Lg is
utilized to resonantly charge and discharge the load capacitor
with the dc voltage sources. Vi, and Vi, are two intermediate
voltage levels used to reduce the resonance during charge and
discharge, respectively. The dc current source I. is realized
by an inductor in series with a voltage source. During etching
phase, oy = — 1.

A blocking capacitor Cy, is used at the switch-node in order
to produce an equal current flowing into both side of the
converter [16]. A self-biasing dc offset voltage V3, is then
formed over Cy,, the value of which is determined by the
plasma condition and the output waveform. The value of C},
should be much larger than C} and Cyyp, such that V}, can be
assumed constant during steady state operation. In this case,
the voltage level Vg, Vi, V¢ and V; of uy are governed by

Va Vasn W
Vil _[Vesn | [ W
Vil = Ve | 7 (W] ™
‘[s ‘/;sn Vb

The operation of the converter is described by Fig. 8. A
more concrete description of the converter is provided in [6].

IV. EXPERIMENTAL VERIFICATION

Experiments were conducted with the power converter in
an Oxford Instruments FlexAL 2 plasma reactor, which is
an atomic layer etching and deposition (ALE/D) machine,
as shown in Fig. 9. An eight-inch silicon dioxide wafer was
used as a substrate. Argon plasma was excited and sustained
with an RF power of 200 W and the pressure inside the
reactor was kept at 2.2 mTorr. In the case of measuring IED,
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TABLE II: The parameters of the EEC

Parameter l Value l Unit l Description

Vp 30 A\ Debye sheath voltage

I; 12 mA | Sheath current (0)

Iih 12 mA | Sheath current (1)

Iio 0 mA | Sheath current (2)

Cy 2.3 nF | Table capacitance
Csub 2.84 nF | Substrate capacitance
Csho 0.41 nF | Sheath capacitance (0)
Csn1 0.41 nF | Sheath capacitance (1)
Cisn2 0 nF | Sheath capacitance (2)

Lg 50 nH | Stray inductance

Rs 6 Q Loop resistance

a retarding-field energy analyser (RFEA) was placed on top
of the substrate, as shown in Fig. 10. It should be noted that
RFEA measurement is intrusive and can disturb the plasma
and the EEC model. In this paper, the EEC model and its
parameters are based on the case without RFEA. Moreover,
it is assumed that RFEA causes minor difference to the IED
compared to the case without RFEA.

Fig. 11 gives an illustration of the experimental results at
the optimal operating point. The measured waveform of the
output voltage and current are plotted in Fig. 11(a) and(b).
Fig. 11(c) shows a zoomed-in view of the output current at
the dc value. As can be seen, the output current is quasi-dc in
etching phase. The measured IED is normalized and plotted
in Fig. 11(d). In this case % = —5.958 x 10° V/s leads to
the narrowest IED.

By applying the same voltage waveform as the experiment

Output current (A) Output current (A) Output voltage (V)

Normalized flux
o
=)
=
:
}

160 150 200
Ton energy (eV)
(d)
Fig. 11: The measured (a) output voltage, (b) output current,
(c) zoomed-in output current, (d) normalized ion energy dis-

tribution.

0 50

to the EEC model in simulation, the correctness of the EEC
can be verified by comparing the simulated and measured
waveform. In this paper, the electric simulation is conducted
in MATLAB/Simulink with SimScape toolbox. A series of
empirical parameter values was adopted in the simulation
model, as listed in Table II. In the simulation, Vp = 30 V
based on the empirical value. In order to further emulate the
behaviour of the plasma, a random noise is added to Vp, the
magnitude of which is between —5 to 5 V, so that Vp is
25 to 35 V. Moreover, [i2 and Cyo are assumed to be zero
for simplicity since the effect of them are typically minor.

Fig. 12 shows the simulated waveforms by applying the
measured uq,; waveform to the EEC model. As can be seen,
the simulated 4.,+ matches the measured 7, generally. The
plasma potential up is determined by the grounded reactor
wall in etching phase while determined by the discharge
voltage in the discharge phase. The ion energy is quasi-
constant in the etching phase, illustrating it is the optimal
operating point. The waveform of w; and up can not be
measured with this experimental setup but they are in line
with the measured results demonstrated in [2].

Additionally, the simulated E; is a rough estimation of the
transient energy at the moment when the ions are reaching the
substrate surface. In practice, ions respond more slowly to the
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discharge phase due to their large mass and short duration
of the discharge voltage pulse. Therefore, the practical FE;
should be more smooth. On the other hand, by calculating
the distribution of the ion energy based on the simulated F;
with a resolution of 1 V, the normalized IED can be obtained,
which emulates the function of the RFEA [17]. The simulated
normalized IED is compared to the measured normalized IED,
as shown in Fig. 13. As can be seen, the simulation result

aligns with the measurement.

V. CONCLUSION

In this research, a modified EEC model of the plasma
etching reactor biased by tailored pulse-shape voltage wave-
form is introduced. The model enables circuit simulation and
accurate IED estimation of the plasma reactor, which can not

be realized by the state-of-the-art models. The proposed model
can be used for accurate electrical and plasma behavioural
analysis. A switched-mode power converter has been used
to deliver the required waveform for model verification. The
introduced EEC model is simulated and compared to the exper-
imental measurement. The simulated waveforms correspond
to the measured ones well and the simulated IED matches
the measured IED accurately. The results demonstrate the
effectiveness of the proposed EEC model, which provides a
basis for design of the switched-mode power converters used
for plasma etching application.
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