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Abstract

®

CrossMark

For atomic scale plasma processing involving precise, (an)isotropic and selective etching and
deposition, it is required to precisely control the energy of the plasma ions. Tailored
waveforms have been employed to bias the substrate table to accurately control this ion
energy. Recent research has shown that switched-mode power converters can be used to
generate this kind of waveform, with the benefit of increased energy efficiency and flexibility
compared to the traditionally used linear amplifiers. In this article, an improved equivalent
electric circuit model of the plasma reactor is proposed to allow simulation and bias waveform
optimization. The equivalent electric circuit is analysed for different process phases, including
the charge, discharge, and post-discharge phase. The proposed model is suitable for electric
circuit simulation and can be used for predicting the electric waveforms and ion energy
distributions. Plasma parameters are required as input for the model, thus an empirical
parameter identification method based on the electrical measurements of the bias voltage and
output current waveforms is introduced. Since these electrical measurements do not interact
with the plasma process, the proposed parameter identification method is nonintrusive.
Experiments have been carried out, which demonstrate that the proposed model and parameter

identification method provide the expected accuracy.

Keywords: atomic layer etching, atomic layer deposition, equivalent electric circuit, ion
energy distribution, switched-mode power converter, tailored waveform biasing

(Some figures may appear in colour only in the online journal)

1. Introduction

Plasma processing is crucial in semiconductor manufactur-
ing, such as plasma etching and deposition to fabricate nan-
odevices. With the size of integrated circuits (ICs) continu-
ing to shrink, atomic scale processing, including atomic layer
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etching (ALE) and atomic layer deposition (ALD), turns to
be vital since these methods can offer high selectivity, pre-
cise thickness control and 3D processing of the materials [1].
Taking plasma ALE for example, the thickness of the etched
material is precisely controlled by the use of the self-limiting
reactions. During such an ALE process, the substrate surface
is typically first exposed to the reactive species to weaken the
binding energy between the surface and bulk atoms of the sub-
strate [2]. The goal of this step is to modify the surface so that
the surface atoms can be removed without affecting the under-
lying material [3]. After that, energetic plasma ions bombard

© 2022 The Author(s). Published by IOP Publishing Ltd
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the modified substrate surface [4]. The ions should carry suf-
ficient energy such that they can break the weakened bonds
and knock out the surface atoms. Meanwhile, the energy of the
ions should not exceed the threshold for etching the underly-
ing bulk material. Therefore, the ion energy distribution (IED)
should fall into a narrow window to achieve such etch selectiv-
ity. Under some circumstances, this energy window can be as
narrow as 10 eV such as the plasma ALE of Ge by using Cl,
plasma for surface modification [5].

Figure 1 shows a schematic representation of a typical
inductively coupled plasma (ICP) reactor often employed for
ALE. It shows the common case that the substrate is smaller
than the table, for which part of the table is also exposed to
the plasma. As shown in figure 1, gas is infused from the top,
and the plasma is ignited and sustained in the chamber by an
external radio-frequency (RF) power source through a match-
ing network unit. The pressure in the chamber is kept low. This
reduces the particle collisions in the plasma sheath near the
substrate surface, allowing for ion bombardment. To do so,
often, a power converter is connected to the table, which gen-
erates a negative voltage on the substrate surface. As a result,
the ions in the bulk plasma are accelerated towards the table,
and bombard the substrate surface to remove the target mate-
rial. Moreover, the normal direction of ion bombardment to the
substrate surface enables anisotropic etching.

Ion energy can be controlled by biasing the substrate sur-
face voltage with a power converter. A narrow IED calls for a
quasi-constant substrate surface voltage potential. For a con-
ductive substrate, the ion energy can be controlled by a dc
bias voltage. However, for a dielectric substrate, there is an
equivalent substrate capacitance [6]. The bombarding ions are
accumulated on the substrate surface, thus the voltage poten-
tial of the substrate surface increases, known as the charging
effect, leading to a broad IED.

Different techniques have been studied targeting a nar-
row IED for the dielectric substrates. In traditional single-
frequency capacitively coupled plasmas (CCPs), a single
power source is used to control the ion density, ion flux, ion
energy and other plasma properties, which can easily lead to
plasma nonuniformity [7, 8] and makes it hard to accurately
control the ion energy independently of ion flux [9]. Dual-
frequency CCPs were therefore proposed [10, 11]. It uses a
high-frequency RF source to mainly control ion flux and an
RF source of lower frequency to control ion energy separately.
It offers a better plasma uniformity over large surface areas
compared to the single-frequency CCPs [12]. However, the
coupling effect of the two RF sources can cause issues such as
substrate damage or reduced etching rate [13]. A better decou-
pled control of ion flux and ion energy in dual-frequency CCPs
can be obtained by controlling the phase shift between two
fixed-frequency RF sources utilizing the electrical asymmetry
effect, as done in [14—17]. Moreover, other voltage waveform
tailoring techniques, such as using a low-frequency square
waveform with high-frequency harmonics [18, 19], have also
been developed for CCPs.

Compared to CCPs, ICPs enjoy the benefit of higher plasma
density. ICPs are the focus of this article. In such ICP, the RF

Plasma gas

&—» ICP power source

|| | > Matching unit

[®
[® —> Copper coil

> Alumina tube

Plasma sheath

Substrate
Table
@ —> Pump
Power
converter

Figure 1. A typical setup of an ICP reactor. The solid part of the
table is covered by the substrate while the gridded part is directly
exposed to the plasma. The height of the plasma sheath near the
substrate surface is much smaller than the dimension of the reactor.
It is exaggerated here for better visualization.

power is inductively coupled to the plasma across a dielec-
tric window, which yields a low plasma floating potential of
typically 20 to 40 V with respect to the substrate and enables
better decoupled control of ion flux and ion energy [9]. Dif-
ferent biasing techniques for ICPs have been studied [20-22],
including RF biasing [23-25], pulse-shaped biasing [26—-28],
and tailored waveform biasing [29—-33], the voltage waveforms
of which are shown in figures 2(a)—(c), respectively. The neg-
ative parts of all the three biasing waveforms are used to cre-
ate a negative voltage potential on the substrate surface to
enhanceion energy. The bombarding ions are charging the sub-
strate capacitance during this time. Therefore, to prevent over-
voltage on the substrate, a short positive voltage is applied to
attract the electrons and reset the voltage potential periodically,
i.e. discharging the substrate.

The RF biasing creates a sinusoidal voltage potential on
the substrate surface, thus generating a broad and bimodal
IED as depicted in figure 3 [34, 35], which is not preferred
in atomic scale processing. Although increasing the RF bias-
ing frequency helps narrowing the IED, it is limited by the
ion mass and it is much less effective for light ions such as
hydrogen. Furthermore, a sufficiently large biasing frequency
makes the RF wavelength comparable to the substrate dimen-
sion, and this can cause severe nonuniformities [23]. The
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Figure 2. (a) RF biasing voltage waveform. (b) Pulse-shaped

biasing voltage waveform. (c) Tailored waveform biasing voltage
waveform.
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Figure 3. Bimodal and single-peak IED.

pulse-shaped biasing could deliver a narrow single-peak IED
as depicted figure 3 under specific conditions, specially for a
dielectric substrate with large capacitance. However, the IED
is heavily distorted if the substrate capacitance is small, since
a small substrate capacitance leads to a large voltage poten-
tial rise due to the charging effect, thus resulting in a broad
IED [30]. Although increasing pulse-shaped biasing frequency
can reduce this charging effect as well, similar drawbacks
occur as for increasing the RF biasing frequency. Compared
to the pulse-shaped biasing, tailored waveform biasing uses
a negative voltage slope to compensate the charging effect.
The voltage slope rate should be well tuned, the value of
which is determined by the properties of the substrate and
the ion flux. Under this circumstance, the voltage potential of
the substrate bottom is linearly decreasing, thus the substrate
surface potential remains quasi-constant. Tailored waveform
biasing requires a significantly reduced repetition frequency
compared to the RF biasing and pulse-shaped biasing. The
capability of accurate ion energy control makes tailored wave-
form biasing well-suited for the highly-selective atomic scale
processing.

Traditionally, the tailored waveform is generated by class-
A linear amplifiers, which are typically energy inefficient.
In addition, a tuned matching network is necessary in order
to match the impedance of the linear amplifier and the
plasma reactor [25]. Recently, switched-mode power convert-
ers (SMPCs) have been applied to generate the tailored wave-
form, which have a significantly higher energy efficiency com-
pared to the linear amplifier [36]. It also advantageously omits
the matching network since the converter operates in a quasi-
dc mode. The bias waveform can be actively and flexibly tai-
lored by this converter, with controllable pulse magnitude and
voltage slope rate. The SMPC brings huge convenience and
flexibility to the tailored waveform biasing. However, for elec-
trical engineers, an equivalent electric circuit (EEC) model of
the reactor is needed to conduct circuit simulations and opti-
mize the electrical design. For plasma physicists, it is also
desired to combine the simulation of the bias converter and
the plasma reactor to predict the IED and optimize the bias

waveform. A complete EEC model of the reactor enables this
combined simulation on the circuit level, which tremendously
reduces the computation time compared to a traditional plasma
simulation method like particle-in-cell (PIC).

Although some reactor models have been derived in pre-
vious research, most of them are used for RF biasing [9,
25, 32, 37-39] or are a steady-state simplification of tai-
lored waveform biasing [36, 40, 41]. These models cannot be
directly used for transient analysis in tailored waveform bias-
ing because the discharge process is not accurately included.
In [42], a modified model is proposed, which emulates the dis-
charge process by a virtual sheath reset circuit. While this mod-
ified model can roughly represent the charge and discharge
processes, and thus can be used for electric circuit simulation,
it significantly increases the complexity of the circuit. In this
article, an improved EEC model is introduced with detailed
analysis of the transient response during the charge, discharge,
and post-discharge phase.

Parameters of the EEC model, including the values of the
capacitors and currents, are required in order to fulfil circuit
simulation and IED prediction. Typically these parameters are
derived from plasma physics theory. However, the derived
parameters can be variant and nonlinear, which unnecessar-
ily increases the complexity of the model [25]. Furthermore,
the determination of some parameters demands intrusive mea-
surements of plasma properties, such as measuring the ion
density with a Langmuir probe [43]. In this research, a param-
eter identification method is introduced, which linearizes the
electric parameters in the model within the operating range.
The method is fully based on nonintrusive electrical measure-
ments, being the voltage and current waveforms on the power
converter side.

With the proposed model and the parameter identification
method, a plasma reactor can be simulated in a typical circuit
simulation software, such as SPICE or MATLAB/Simulink.
Both the electric waveforms and the IEDs are predicted with
the simulation model by applying the same bias voltage wave-
forms as applied to the plasma reactor. In this article, the
predicted waveforms and IEDs are compared to the exper-
imental measurements obtained from a plasma reactor for
verification.

The structure of this paper is as follows: first, the EEC mod-
els, including the traditional model and the improved model
are derived in section 2, followed by the parameter identifi-
cation method in section 3. Next, the experimental validation
is carried out and discussed in section 4. Finally, section 5
concludes the paper.

2. Reactor model

2.1. Traditional EEC model of the plasma reactor

In a typical ICP reactor, the bulk plasma is confronted with
two major surfaces, which are the grounded reactor wall and
the substrate table that can be biased. The area of the reactor
wall is larger than that of the table. Therefore, the plasma reac-
tor can be simplified as an asymmetrical parallel plate system
as depicted in figure 4(a). In most cases, a dielectric substrate is
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Figure 4. (a) Parallel plate system representation of the plasma
reactor. (b) Traditional EEC model of the plasma reactor.

used, as presented by the grey area in the figure. The traditional
EEC model focuses on RF biasing as described in [9, 25, 32,
37-39], which can be generalized by the EEC model shown in
figure 4(b). In this model, two sheaths are formed between the
plasma and reactor wall, and the plasma and substrate, respec-
tively. Each sheath is modelled by a constant current source,
a sheath capacitor and a diode in parallel. The current sources
account for the equivalent currents generated by bombarding
ions. The dielectric substrate is modelled by a capacitor Cyyp.
up is the plasma potential and ug,; is the substrate surface
potential.

In the RF biasing case, a blocking capacitor is used between
the power converter and the table, and a self-biased voltage
is formed over the blocking capacitor, which is omitted in
figure 4 for simplicity. The self-biased voltage is caused by
the initial unbalance between the inflow and outflow current.
After reaching the steady-state, the net current flowing through
the blocking capacitor is zero in each repetition period and
the voltage over the blocking capacitor can be considered con-
stant [44]. It should be noted that u.,; here can be seen as the
bias voltage after the blocking capacitor. Therefore, it can be
described by

Uour = Vit sin 27 fit) — Vs, ey

where V¢ is the magnitude of the RF voltage, fi¢ is the
RF frequency and V,, is the dc voltage over the blocking
capacitor. The bombarding ions enter the sheath with an ini-
tial energy equal to eu, = —euc,,, where e is the elemen-
tary charge. For simplicity, it is assumed for now that the
sheath thickness is negligible so that the ion transit time in
the sheath is much smaller than the RF period. As a result,
the extra energy ions obtained in the sheath by the acceler-
ation in electric field is equal to euc,,, determined by the
instantaneous value of uc_, at the moment when ions enter the
sheath.

During the steady-state RF biasing, Cgo, Csn and Cyyp, con-
stitute a capacitive voltage divider. As a result, the voltage over
those capacitors is determined by

shl

1
Csh()
quhO VO l V . (2 f )
¢ sin (27 fi¢t
ucy, | = Vi |- |G| — 1 1. @
Csho  Conl Csub
ucsub Vsub 1 s| s| sul
Csub

where Vj, V| and V;, are the dc offset voltages over Cgpg, Cypi
and Cg,p, respectively. The value of V, V| and V,;, are deter-
mined by the bias voltage waveform and the capacitance val-
ues. According to Kirchhoff’s voltage law, they are governed
by

Vo + Vi + Vap = V. 3

Since uc,,, cannot be positive and uc,,, cannot be negative due

to the diodes, V) and V| should guarantee

Csho
Vo< —— T 1 + Vit
Csho lcshl Csub . (4)
Cshi
Viz + 1 + Vit
Csho Cshi Csub

The ions bombarding the substrate surface with an ion energy
Ei(t) = e (up(t) + uc,, (1)), which can be described by
1o 1
Ei(f) = 20— Vyy sin 2 ft) + Vi — Vo.  (5)
Csho Cshi

Csub

Since the asymmetrical sheath yields Cg,g 7# Csny [39], the
bombarding ions have an average energy equal to e (V; — Vj))
and an energy variance AE; equal to

AE; = eV 6)

T, T ., 1 o T
Csho + Cshi + Csub
This results in a bimodal IED as shown in figure 3. In prac-
tice, ion transition in the sheath takes time. Therefore, the extra
energy ions obtain in the sheath is the average of euc,, (¢) over
the ion transit time. This effect can reduce the width of IED.

The traditional EEC model is able to explain the RF bias-
ing while it cannot be directly used for the tailored waveform
biasing. In the tailored waveform biasing, bombarding ions are
accumulated on the substrate surface and charging Cy,, when
a negative voltage slope is applied to the table, as depicted in
figure 2(c). Csyp should be periodically discharged by a pos-
itive voltage pulse to avoid over voltage. During the positive
voltage pulse, fast-moving electrons are attracted, thereby dis-
charging the capacitors rapidly. However, in the traditional
EEC model, the capacitors can only be discharged through
the current sources /i and /;;. The ion current is significantly
smaller than the electron current, resulting in a slow discharge
process in this model. Furthermore, the discharge electron cur-
rent decays exponentially as depicted in [30], which cannot be
realized by the constant current sources.

Besides, after the positive discharge voltage, denoted by V4
in this article, is applied and the circuit reaches its steady-state,
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the voltage of Cyy, should be fully discharged to zero. The
voltage potential of the substrate surface should be V4. Con-
sequently, the substrate surface has a higher voltage potential
compared to the grounded reactor wall. The plasma potential
up, is determined by the surface with a higher voltage potential
[45] as

up, = Vg + Vp. (7

Here V,, is the floating potential of the plasma. The voltage
of Cqn1 should represent the voltage over this sheath, thus it is
close to zero since the floating potential V), is typically small
[9]. However, due to the capacitive voltage divider formed by
Ciho, Csn1 and Cyyp, as shown in figure 4(b), the capacitors
cannot be completely discharged when u,,, = V4 according to
Kirchhoff’s voltage law. Instead, voltage drops over Cg, and
Cqh1 remain positive, the magnitudes of which are determined
by V4. As a result, the steady-state obtained in the traditional
model deviates from the practice. Therefore, a different EEC
is required to model tailored waveform biasing.

2.2. Proposed improved EEC model of the plasma reactor

An improved EEC model is proposed as depicted in figure 5.
An extra sheath is formed between the exposed part of the table
(as depicted by the gridded part in figure 1) with the plasma.
This extra sheath is seldom discussed in previous research but
it is essential, especially for the existence of the diode D,. The
diode D, provides an extra path during discharge so that Cg;
and Cyyp, can be fully discharged when the positive discharge
voltage V is applied and D; is conducting. Since the reactor is
always grounded and the sheath between plasma and the reac-
tor wall is not of interest, this sheath is omitted for simplicity.
Meanwhile, a resistor R), is used to represent the bulk plasma
and provide a fast RC discharge path, which is exponentially
decaying. Besides, there exist parasitic capacitors between the
table and the reactor wall, the substrate and the reactor wall,
as also shown in figure 1. Those capacitors are modelled as
a lumped table capacitor C;. Ly is the stray inductance in the
power converter and the table connection.

The modelled process can be divided into three individual
phases as shown in figure 6, i.e. the charge phase, the discharge
phase, and the post-discharge phase. The part of the tailored
waveform when the table is negatively biased is defined as the
charge phase since the ions are accumulating on the substrate
surface and charging the substrate capacitor during this time.
When a positive voltage V4 is applied to the table, the capaci-
tors are discharged within a short time, which is defined by the
discharge phase. After the capacitors are fully discharged, the
positive voltage can be held for a short time, which is defined
by the post-discharge phase. Each phase is analysed in detail
in this section. The waveform of u, is the so-called tailored
waveform. The target of the SMPC is to generate a voltage
waveform u.y, in order to obtain the desired u;.

2.2.1. Charge phase. The ion energy is required to remain in
a specific narrow window for processing with high selectivity.
Therefore, ugy,; is desired to be a negative constant value. Since
ions are accumulated and charging the substrate, this phase
is designated as charge phase. From the EEC model, ug,; is

Tpulse Tslope
Va [
i .
\vs\
—
Discharge — - Post-discharge
Y
Charge

e \_

Ughl .
V.

. W t

Figure 6. The typical waveforms of u, usn, and uc, , which can be
divided into the charge, discharge, and post-discharge phases.

determined by

d (ugn1 — d — U
(usn1 — u) 4 Coy (up u‘hl).

Coub dr dt

®)
During charging when the reactor table is negatively biased,
the grounded reactor wall has a higher voltage potential than
the table. The plasma potential is determined by the surface
with the higher voltage potential [45]. Therefore, in practice,
the plasma has a positive potential V', with respect to ground.
Since this voltage is relatively small compared to the bias volt-
age, it is omitted here for simplicity. In the model, the plasma
potential u, is determined by

up = Rpiy = —R, (Iiy + Iip + isn1 + isn2) 9

which yields a negative value during the charge phase. There-
fore, R, should be sufficiently small during this phase, so that
up ~ 0. I is causing charge accumulation on Cg, and should
be compensated. As a result, a constant ug,| requires a voltage
slope on u; defined by

du __ 1
dt =~ Cap’

(10)
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In other words, 1, should linearly decrease with a slope rate of
_IiIC;uL to exactly compensate the ion charge accumulation
effect for a constant ion energy [26]. Assuming the duration of
the voltage slope is Tjope (as annotated in figure 6), the mag-
nitude of the voltage change AV during the charge phase is
given by

dut I i

T ope = — ——
de "™ G

Contrastingly, for pulsed-shape biasing as depicted in figure 2,
the charge effect is not compensated and the substrate surface
could rise by |AV| during the charge phase. A small Cy, or
a large charging time (low repetition frequency) could lead to
large voltage rise and a broad IED.

In this article, the condition that (10) is achieved is defined
as the optimal operating point. Consequently, the EEC model
in figure 5 can be simplified as shown in figure 7(a) during the
charge phase.

AV = (11)

Tslope .

2.2.2. Discharge phase. Because Cgy, is continuously charg-
ing during the charge phase, it is required to discharge it peri-
odically to avoid over-voltage on the substrate. By applying a
positive voltage pulse to the table, both the substrate and table
sheath are restructured and reformed. The capacitor Cg1, Csho
and Cgq, are discharged by attracting the electrons instantly,
which is realized by RC discharge through resistor R;, in the
circuit model.

First, uc,, is positive, thus diode D; is blocking. Cyy, is
discharging through Cgp;. The equivalent circuit representing
the moment when Cg,; is not fully discharged is shown in
figure 7(b).

After Cyp is fully discharged, uc,, turns to zero and D; is
conducting. Cyyy, is discharging through D, . The ion current /;;
is completely flowing through D;. The equivalent circuit rep-
resenting the moment after Cyy is fully discharged is shown in
figure 7(c). Since Cy,p and Cyyp are in parallel, both capacitors
should be fully discharged at the same time.

The RC discharge process represents the sheath collapsing.
The discharge current in the loop is decaying exponentially.
Normally this process happens in a short time up to hundreds
of nanoseconds [30].

2.2.3. Post-discharge phase. After Cgy, and Cyy, are fully
discharged, the voltages over Cy,;, Csnp and Cg,p become zero
and D; is conducting. The plasma potential u, is then clamped
to the discharge voltage V4 in this case. The ion current /j; is
completely flowing through D,. The equivalent circuit at this
moment is shown in figure 7(d).

The post-discharge phase is preferred to be short such that
the ion energy is well defined during the most of the duration of
the waveform, thereby increasing the throughput. On the other
hand, the post-discharge phase is a degree of freedom to adjust
the bias waveform repetition period. The time duration of the
charge phase Tqpe is rather fixed because AV is limited by
the output capacity of the power converter. The time duration
of the discharge phase is determined by the plasma properties
and the operating condition, thus it cannot be controlled. By
controlling the duration of the post-discharge phase, the bias
waveform repetition period (and the frequency) can be flexibly

tailored. The total time duration of the discharge phase and the
post-discharge phase is denoted by T'pyisc as shown in figure 6.

After the post-discharge phase is finished, a negative volt-
age pulse should be applied to the table to restart the charge
phase. The magnitude of this voltage pulse determines the ion
energy. Assuming u; changes from discharge V4 to a negative
start voltage Vi, it must be stressed that before u, turns nega-
tive, D, is conducting and the voltages over Cyp1, Cspp and Cyyp
are clamped to zero. Only after u; is below zero, D, is blocking
and the equivalent circuit turns from figures 7(d) to (a) again by
rapidly recharging Cg,1, Conp and Cgyp, through Ry, It should be
noted that this recharging process also takes time comparable
to the discharge phase. However, since its equivalent circuit is
the same as the charge phase, it is not separately classified for
brevity. Due to the capacitive voltage divider formed by Cgp;
and Cygyp, ugn; obtains an initial value at the beginning of the
charge phase governed by

Csub

— V. 12
Csub+Cshl ) ( )

Ush] =
Since Cyyp is typically much larger than Cg,y, ug can be
approximate by V.

3. Parameter identification

In order to conduct circuit simulation, the parameters of the
EEC model should be accurately identified. In this section, a
parameter identification method is introduced, which is fully
based on the nonintrusive electrical measurements. Specif-
ically, only the waveforms of uyy and i,y are required. In
practice, the sheath capacitance Cg,; and Cgyp, the ion current
I;; and Ijp are nonlinear and voltage dependent. If and only
if the optimal operating point is achieved, ug,; and Cg,; can
remain constant during the charge phase [25]. In this work,
these parameters are assumed to be constant around the opti-
mal operating point for simplicity. In addition, Cy, is assumed
to be constant since the processing depth of the substrate is
neglectable compared to its height. C; can also be assumed to
be constant since the area and distance of each surface remain
basically unchanged.

During the charge phase as depicted in figure 7(a), the
reactor system with the converter can be generalized by

i _ Cshl Csub
o Cshl + Csub

— 1i2.

% _ Csub I
dr  Cap+ Cant

13)

+ Cq2 + C[>

By varying the voltage slope %, the output current i, changes
accordingly. With a fixed %, iout can be treated as constant
during the charge phase. u#, can then be approximated by uyy
despite the presence of L;. Normally, the value of Cy,, and
Ij> are relatively small so they are assumed to be zero in this
section. Therefore, a simplified description of the system is

given by

P Cin1 Csup
ot Cshl + Csub

. Ca
+ ct> ftout — 1y,

14
Csub + Csh 1 ( )
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Figure 7. The equivalent circuit of the plasma reactor during (a) the charge phase, (b) the discharge phase when uc, has not been fully

discharged, (c) the discharge phase when u¢

shl

has been fully discharged, and (d) the post-discharge phase when all the capacitors have been

fully discharged. The dashed arrows indicate the net current direction through the corresponding sheath. The dash doted arrows indicate the

current direction through C;.

where ity = % The effective capacitance Cer and effective
current /¢ can be defined by

Csub
Ceof = ————Cy C 15
ff Cot + Cot sh1 + G (15)
and
Csub Cshl
Ijj=————I1 = ————1]I. 16
& Caup + Capt (Cshl + Csup ) : (16)

Note that both Ce and I are variant at different oper-
ating points and they are dependent of it In the identi-
fication procedure, a set of different output voltage slopes
Uoury (x =1,2,3,...,n) with a sufficiently small step size
should be applied, and the resultant output current iy, (X =
1,2,3,...,n) during the charge phase should be measured. As
a result, the value of Ce and /¢ at the corresponding i1, can
be approximated by

iout,x+l - ioul,x
Ceffp = (17)
Uoutx+1 — Uout,x
and o . :
Uout,xlout,x+1 — Uout,x+1lout,x
Lo = - - . (13)

Uout,x+1 — Uout,x

If oy (x =1,2,3,...,n) covers a sufficiently large range,
the optimal operating point can be found. Assuming the opti-
mal operating point is found at x = k, i, x should be equal
llC . according to (10). Under this circumstance, i
is constant and there is no current flowing through the mod-
elled sheath capacitor Cy,;. Cg; can be omitted in the cir-
cuit depicted in figure 7(a). Consequently, the system can be
equivalently simplified as
ioul = Cll:toul - Iil . (19)
This simpliﬁcation can also be derived by substituting iy, =
11C . 10 to (14), because essentially (19) is a special point

of the generalized system depicted by (14). Since

C@ub
C < Cef = ———C C 20

t = o+ Cogg = + G (20)
and c

— Iy <o = — @

: . Csub + Cshl :

always stand, the value of C; and [;; can be obtained by finding
the minimum effective capacitance and current as

C. = min (Cefx) = Cefrx (22)
and

Iy = —min (Lgy) = —Legis (23)

respectively. It should be pointed out that /;; can also be cal-
culated from (19) after finding C;. While theoretically the
minimum of the effective capacitance and current should be
achieved at the same it,,, both methods should give the same
result.

The above analysis utilizes the special format of the pro-
posed circuit model at the optimal operating point to calculate
the exact value of C; and /;;. The benefit of this method is that
the value of Cg; and Cyyp are not required, meaning the method
is immune of the nonlinear Cg,; effect. Therefore, the identi-
fication of C; and /;; are expected to be accurate. Nonethe-
less, the value of Cg,; has to be linearised and assumed to be
constant within the covered range of itoy ., (x = 1,2,3,...,n).
Defining a constant equivalent capacitance and current by

Coq = % +C (24)
and Con
Iq = mlil, (25)
(14) can be rewritten as
lout = Ceqltout — leq- (26)
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A linear regression can be determined within the operating
range, which is able to find the value of Cq and /4 by least
squares method by minimizing the function

n
2

f(Ceq’ qu) = Z (Ceqiioul,x - qu - iout,.x) .

x=1

27)

Based on the practical measurements, typically Cyp (typically
of nanofarad magnitude) is much larger than the sheath capac-
itance (typically of sub-nanofarad magnitude), (24) can be
further approximated by

Ceq ~ Cshl + Ct~ (28)
As a result, linearised Cyp,; can be calculated by
Cshl - Ceq - Ct~ (29)
Cyup can be further solved from (25), yielding to
Cshlleq
Cop = ——. 30
sub Iil — qu ( )

Up to now, the parameters essential for the charge phase
have been completely extracted. On the other hand, during
the discharge phase, there is a resonance in transient response
with a frequency of f; in the loop. This resonance comes from
the LC network formed by the plasma reactor and the stray
inductance Ls. The value of L can be determined by

1

"~ 472 f2(Ci+ Ca) Gb

when the optimal operating point is achieved.

During the discharge phase, capacitor Cg,y, Cspp and Cyyp
should be discharged within hundreds of nanoseconds through
resistor R;,. Therefore, during this phase R, can be approxi-

mated by
-

9
Csub

where 7 is the time constant of the RC circuit. Based on the RC
discharge circuit, it takes about 2.37 to discharge the capacitor
voltage to 10% of the initial value. Since the sheath collapsing
and reforming takes up to hundreds of nanoseconds, a typical
value of 7 can be tens of nanoseconds.

During the post-discharge phase, the output current is deter-
mined by

R, = (32)

. Va
lout = R, (33)
Since the net output current of the converter should be bal-
anced due to the blocking capacitor, and the net current through
all the capacitors are zero due to the periodic capacitor volt-
ages, the output current during the post-discharge phase should
be governed by

Tslope

L. (34)

lout =
Tpulse

As a result, the plasma resistor R, can be obtained by

Tpulse Tslope

R =
P TproliZ

(35)

Wafer
~RFEA

|~ Table

(b)

Figure 8. (a) The FlexAL system. (b) The substrate table, wafer and
RFEA.

If I, is neglected, R, turns to infinite. In practice, a sufficiently
large resistance can be used for R, during the post-discharge
phase. With the value of R, all the circuit parameters have
been extracted.

4. Experimental verification

4.1. Experimental setup

To verify the proposed EEC model and the parameter identi-
fication method, experiments were conducted with an Oxford
Instruments FlexAL plasma reactor as shown in figure 8(a),
which is a tool for ALD but can also be used for ALE. The
RF bias generator was uninstalled and a dedicated SMPC was
used to deliver the required tailored waveforms. The SMPC
was coupled with the reactor table with a blocking capacitor
of 2 puF. The details of the SMPC are provided in [36, 46].
An argon plasma was created with an ICP source through an
automatic matching network. The plasma source can deliver
up to 600 W power at 13.56 MHz. It contains a three-turn
water-cooled copper coil around a cylindrical 65 mm Al,O;
ceramic plasma tube. The distance between the substrate and
the plasma source is in the order of 25 cm. The pressure inside
the reactor was kept at 2.2 mTorr. More details of the plasma
reactor can be found in [47]. Four-inch and eight-inch silicon
wafers with 400 nm silicon dioxide were used as the dielectric
substrates.

The process of the experimental verification is depicted in
figure 9. First, bias voltage waveforms with different volt-
age slopes were applied to the plasma reactor with a wafer
on the table. The output voltage waveforms were measured
with a differential voltage probe. The output currents of the
power converter were measured with the current sensor. Sec-
ond, the applied bias voltage waveforms and the measured out-
put current waveforms are used for parameter identification as
explained in section 3. The identified parameters are then sub-
stituted back to the EEC model for circuit simulation. The sim-
ulation was conducted in MATLAB/Simulink with SimScape
toolbox.

The model used for simulation is depicted in figure 10.
Compared to the EEC model depicted in figure 5, /;; and Cypp
are neglected as explained in section 3. An ideal switch S and
resistor Rpq are added. The status of the switch is controlled
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Figure 9. The process of the experimental verification.

Comparator

Figure 10. The circuit model used for simulation.

by the current of D, and the current comparator. If the current
of D5 is smaller than a small positive quantity €, which equiva-
lently means D, is not conducting, the output of the comparator
is logic ‘1’ and the switch S is turned on. As a result, only R}, is
connected in the circuit, which is calculated by (32). Once the
current of D; is larger than €, which only happens in the post-
discharge phase depicted in figure 7(d), the comparator outputs
logic ‘0’ and turns off the switch S. In this case, R4 is con-
nected in the circuit and it should be a sufficiently large value
according to (35) as explained in section 3. It must be stressed
that the waveforms of i, used for simulation are directly from
the measurements and they are measured after the blocking
capacitor for simplicity. In other words, self-balancing of the
output current i,y is not guaranteed in simulation. The electric
waveforms of all the components can be predicted by circuit
simulation and compared to the measured ones. In this experi-
mental setup, only i,y can be measured nonintrusively and thus
it was used for comparison.

Additionally, the IED can be predicted by the circuit simu-
lation as depicted in figure 10. As explained in section 2, the
ions enter the sheath with an initial energy eV, where the float-
ing potential V, is typically 20 to 40 V [9]. The ions obtain
extra energy in the sheath, the value of which is determined by
the instantaneous voltage of uc,,. In practice, since the ions
have a finite transit time 7; in the sheath, they do not respond
to instantaneous uc,,. Instead, the ions respond to the aver-
aged uc,, within 7; [43]. This results in a damped effect and

can be represented by a transfer function in s domain as

Hdamp(s) = (36)

Tis+ 1
The transit time can be approximated by the inverse of the ion
plasma density frequency wj as

Ezl’lis
Wi = >
€om;

where n;s is the ion density at the boundary of the sheath, e
is the vacuum permittivity and m; is the ion mass [43]. In this
work, an estimated ion density n;; = 1 x 10> m—3 is used [25]
and m; = 40 amu.

Furthermore, the ion energy can be affected by the colli-
sions in the sheath, which broadens the IED [30, 48]. In prac-
tice, measurement with RFEA can also broaden the IED due
to the scattering of ions on the RFEA’s grids [30, 43]. These
broadening effect is equivalent to a normally distributed noise

1
f(E) = —— exp

defined by
L(E—p\
—— , 38
oV2m l 2( o )1 (38)

where 1 is the mean of the noise and o is the standard deviation
of the noise. In this article, y is assumed to be zero and a typical
variance 0> = 10e?V? is adopted [43].

The simulation can generate a discrete time series
{f[11,4[2],...,t[m]} and the corresponding energy series
{Ei[1], Ei[2], ..., Ei[m]}, where m is the total number of sim-
ulated moments within one repetition period and E;[j](j =
1,2,3,...,m) is the energy of the ions arriving at the sub-
strate surface at time #[j]. If the ion flux is assumed to be
constant over the period, then the normalized ion flux P(E)
can be approximated by

(37)

1
PE)=

>

1< j<m ESE[jIE+AE

W+ - 39

where T is the repetition period and AFE is the resolution
of the IED measurement. Consequently, the IED can be pre-
dicted based on this circuit simulation. In order to verify the
accuracy of the prediction, IEDs were measured with a com-
mercial gridded retarding field energy analyser (RFEA) from
Impedans Ltd. with a resolution AE =1 V as comparison.
The RFEA was placed on the top of the substrate, as shown
in figure 8(b). It should be noted that RFEA measurement is
intrusive and can disturb the EEC model. Therefore, during the
electric waveform measurement experiment, the RFEA was
removed.

4.2. Parameter identification

Figure 11 shows the measured electric waveforms, including
the output bias voltage and output current waveforms for the
four-inch wafer with 200 W ICP power. The applied bias volt-
age waveforms have a repetition frequency of 100 kHz. The
time percentage of the charge phase is 90% and the time per-
centage of the discharge phase and post-discharge phase add
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Figure 11. The measured electric waveforms, being from the top to
the bottom: oy, ioy and a zoomed-in view of ioy, respectively. T1,
T2, T3 and T4 indicate different voltage slope rates.

up to 10%. The discharge voltage V4 is fixed at 50 V and
the negative voltage applied to restart the charge phase Vi is
fixed at —100 V. Therefore, at the optimal operating point, the
average ion energy is expected to be approximately 100 eV.
The voltage slope rate is controllable and ranges from approx-
imately 0 to —16.7 x 10% V s~! in this experiment. Conse-
quently, the peak-to-peak voltage of the bias waveforms is
determined by the slope rate and ranges from 150 to 300 V. As
can be seen, the output current is quasi-constant in the charge
phase. When applying a different voltage slope iz, a different
dc output current i, is obtained. As analysed in section 3, the
dataset of the voltage slope oy and dc current iy, can be
used for identifying C; and [;;.

The measured dataset of the effective capacitance and cur-
rent is shown in figure 12(a). As can be seen, C and I
share a similar trend with the varying ito,. The reason is that
they have the same coefficient of Cg;(Cny + Csub)’1 accord-
ing to (15) and (16). Theoretically, Cesr and I should reach
the minimum value at the same it,,,. However, Cq reaches
its minimum when o,y = —5.586 x 10° V s~! as denoted by
the red pentagon in figure 12(a), while I just reaches its
local minimum. When i, becomes more negative, I¢ has a
trend towards more negative value than the local minimum.
This deviation is because the ion current /;; is not constant as
assumed in the previous analysis. Instead, /;; increases when
ity becomes more negative, i.e. the voltage drop on the sub-
strate sheath increases. To keep the model simple and func-
tional within the reasonable slope rate range, the effective cur-
rent is selected at the same operating point where the minimum
effective capacitance is obtained. As aresult, C; = Cefrx min =
2.220F, I} = —letfymin ~ 0.01265 A.

Figure 12(b) shows the measured output current at different
output voltage slopes and its linear regression. The resul-
tant linearized equivalent capacitance and current are Ceq =
2.66 nF and I.q = 0.0111 A, respectively. Cg,; and Cgyp, can

Figure 12. The measured dataset of (a) the effective capacitance
Cetr and current /¢, and (b) the output current and its linear
regression at different voltage slope rates.

Table 1. The parameters of the EEC.

Param. Value Unit Param. Value Unit
I 12.65 mA Vo 25 \"
Iip 0 mA Ly 25 nH
Cy 2.22 nF Ry 1.5 Q
Csub 3.09 nF R, 17.6 Q
Cini 0.435 nF Rpa 6000 Q
Cino 0 nF T 50 ns

be solved by (29) and (30), giving Cs,; = 0.435nF and Cyyp =
3.09 nF.

The resonance in the waveform is measured to be of f;
14 MHz. The stray inductance Ly can then be determined by
(31) and is 25 nH. In addition, an equivalent series-resistance
R; is present in the loop, which is 1.5 €. Apart from these,
selecting 7 = 50 ns as introduced in section 3, R, can be cal-
culated by (32) and is 17.6 €. The value of R, should be suffi-
ciently large since [j; is neglected as explained in section 3. In
this case, Rpg = 6000 €2 is sufficient. The value of R, affects
iow during the post-discharge phase, which is not of interest.
Therefore, it is not required to be very accurate. In short, all
the parameters are identified and summarized in table 1.

4.3. Electric waveform and ion energy distribution
prediction

By substituting the identified parameters back to the EEC
model and applying the same bias voltage waveforms to it
for circuit simulation, the electric waveforms can be pre-
dicted. Figure 13 shows the predicted waveforms at the opti-
mal operating point from the circuit simulation based on the
EEC model. Both the sheath surface potential ug,; and the
ion energy E; are quasi-constant during the charge phase. The
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Figure 14. A zoomed-in view around the discharge phase of the
predicted electric waveforms from the circuit simulation based on
the EEC model.

waveform of uc,, and uc, cannot be measured with this
experimental setup but the predicted results are in line with
the measured results demonstrated in [30]. Figure 14 shows
a zoomed-in view around the discharge phase of the wave-
forms. As can be seen from figures 13 and 14, the predicted
iont Matches the measured i, generally in transient behaviour,
magnitude and resonant frequency.

Additionally, the IED can be predicted based on the pre-
dicted waveform of E; according to (39), as shown in figure 15.
Similarly, by applying the same bias voltage waveform to both
the simulation model and the plasma reactor with an RFEA

1
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=
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Figure 15. The IED prediction from the waveform of Ej;.

presented, the predicted and measured normalized IED can be
compared. Figure 16 shows comparisons of the predicted and
measured results for different voltage slopes. The predicted
results can generally represent the trend of the measured ones.
Furthermore, the full width at-half-maximum (FWHM) and
the average energy at different voltage slope rates from both
the simulations and measurements are compared, as shown in
figure 17. On the one hand, the predicted IEDs accurately find
the optimal slope rate which leads to the minimum FWHM. On
the other hand, the predicted average values of the ion energy
are within 10 eV difference compared to the measurements. It
should be noted that the IED can only be measured with RFEA,
which is interactive with the plasma processing and IEDs. The
IED in the case without RFEA is inherently different from
that with RFEA. This might contribute to the deviation of the
comparison.

4.4. Discussion

The same experiments were also carried out for the eight-inch
wafer and at different ICP powers. The resultant identified
parameters are shown in table 2. As can be seen from the table,
C, is uniform and around 2.3 nF for different wafers with dif-
ferent ICP powers, which makes sense because both the area
of and the distance between the table and reactor wall remain
unchanged. The extracted Cyy, is of several nanofarads for both
applied wafers. However, the extracted Cgy, of the same wafer
is expected to be the same with different ICP powers while
they deviate in the results. The reason is that Cy,, is calcu-
lated based on multiple extracted parameters, including Cg,
Ieq and I;;, according to (30). Since inaccuracy occurs when
identifying each parameter, it will be accumulated on Cyy, i.e.
the identification of Cg, is more sensitive.

The identified values of Cg,; are around 0.4 nF for differ-
ent wafers with different ICP powers. Furthermore, the current
I;; has a positive correlation with the ICP power. It is inter-
esting to note that even the eight-inch wafer is four times the
area of the four-inch wafer, the value of their Cg,; and I;; are
still similar when employing the same ICP power. This simi-
larity is due to the neglection of the Cgp, and ;. In (24), the
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Table 2. The identified parameters of the plasma reactor with
different wafers at different ICP powers.

Wafer Four-inch Eight-inch
ICP power (W) 200 600 200 600
C; (nF) 222 2.36 2.31 2.34
Cyp (nF) 3.09 4.35 2.84 3.65
Cqn1 (nF) 0.435 0.386 0.409 0.402
I;; (mA) 12.65 15.26 11.99 15.24

equivalent capacitance Ceq is defined and in (27), its value is
obtained by linear regression, as shown in figure 12(b). This
value is obtained based on the simplified system described by
(19) which neglects Cqp and I, in the real system as described

by (14). In other words, the real definition of Ceq is

C§ CSU
Ceq = _ shiTsub + Cono + Gy = Cspt + Gz + G

(40)
Cint + Cowp

As a result, the previously identified Cy; is actually the sum
of real Cgy 4 Cqnp. Similarly, the previously identified [;; is
actually the sum of real I;; + I;; according to (21). Because the
total exposed area (equal to the total area of the solid part and
the gridded part of the table as depicted in figure 1) is constant,
both the sum of the sheath capacitance and ion current should
roughly maintain similar values even when a different wafer
is used. This effect also evidences that there is an extra sheath
between the plasma and the exposed part of the table.

To summarize, in this section, the parameters of the EEC
model are identified based on the experimental measurements.
The EEC model is simulated by using the identified param-
eters. Both the predicted electric waveforms and IEDs align
well with the measured results. The same experiments were
conducted for two different wafers with different ICP pow-
ers while similar results were obtained, demonstrating the
wide application scope of the proposed method. The possi-
ble reasons for the deviation between the simulations and
measurements are also analysed.

5. Conclusion

The equivalent electric circuit (EEC) model of the plasma reac-
tor is essential for circuit simulation and bias waveform opti-
mization in atomic scale processing with tailored waveform
biasing. Traditional EEC models are typically used for RF
biasing and not suitable for tailored waveform biasing, mainly
because the capacitors in the circuit cannot be rapidly and com-
pletely discharged during the discharge phase. In this article,
an improved EEC model of the plasma reactor is introduced.
The improved EEC model simplifies the plasma by a resistor
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thus providing a fast discharge path for the capacitors. Mean-
while, it adds another sheath between the bulk plasma and the
exposed part of the reactor table, being the table sheath, so that
all the capacitors can be fully discharged to zero voltage. In
tailored waveform biasing, there are three different processing
phases including the charge phase, the discharge phase, and
the post-discharge phase. The proposed model is analysed in
details during all of these phases.

Additionally, a parameter identification method is proposed
to fulfil the simulation of the EEC model on the circuit level. It
is fully based on electrical measurements, using only the wave-
forms of output voltage and current. Both waveforms can be
easily measured and the measurements are nonintrusive to the
process. The identification method linearizes all the compo-
nents, including the sheath capacitors and currents. With the
proposed EEC model and parameter identification method, the
electric waveforms and IEDs can be predicted by circuit simu-
lation. Experiments have been conducted for verification. The
alignment between the predictions and measurements under-
lines the correctness and accuracy of the proposed EEC model
and parameter identification.

This research bridges the gap between plasma processing
and bias power converter design. It gives an electrically equiv-
alent description of the plasma reactor and provides more
insight into the process from the electrical engineering’s per-
spective. Accordingly, the EEC can be used to design and
optimize the SMPC for electrical engineers, thus significantly
improve the process efficiency. Meanwhile, a well-designed
bias converter also enhances tailored waveform biasing in the
future. Moreover, it poses a new way for plasma parameter
identification, with which linearized plasma parameters, such
as sheath capacitance and ion current, can be obtained non-
intrusively. Additionally, the IEDs can be predicted with cir-
cuit simulation, which can be a supplement and substitute to
the traditional plasma simulation method like PIC, enjoying
the advantage of considerably reduced computation time. This
model might also be used for bias waveform optimization and
IED tailoring.

The proposed model is expected to be compatible with
other bias waveforms like RF biasing and pulse-shaped bias-
ing but requires further experimental validation. For the future
research, it is recommended to improve the accuracy of the
parameter identification by taking nonzero Cgp, and I into
consideration.
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