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Control of ion energy distributions (IEDs) onto the surface of wafers is an ongoing challenge in

microelectronics fabrication. The use of capacitively coupled plasmas (CCPs) using multiple

radio frequency (rf) power sources provides many opportunities to customize IEDs. In dual-

frequency CCPs using a fundamental frequency and its second harmonic, varying the relative

voltages, powers, and phases between the fundamental and second harmonic biases have demon-

strated potential as control mechanisms for the shape of the IEDs. In this paper, we report on

computational and experimental investigations of IED control in dual-frequency and triple-

frequency CCPs where the phase between the fundamental and second harmonic frequency volt-

age waveform is used as a control variable. The operating conditions were 5–40 mTorr

(0.67–5.33 Pa) in Ar and Ar/CF4/O2 gas mixtures. By changing the phase between the applied rf

frequency and its second harmonic, the Electrical Asymmetric Effects was significant and not

only shifted the dc self-bias but also affected plasma uniformity. When changing phases of

higher harmonics, the energies and widths of the IEDs could be controlled. With the addition of

a 3rd high-frequency source, the plasma density increased and uniformity improved. Computed

results for IEDs were compared with experimental results using an ion energy analyzer in sys-

tems using rf phase locked power supplies. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4922631]

I. INTRODUCTION

Multi-frequency capacitively coupled plasmas (CCPs)

are intended to provide independent control of the magnitude

of ion and radical fluxes, and ion energy distributions (IEDs)

incident onto wafers in microelectronics fabrication. Multi-

frequency systems were motivated to overcome a weakness

of single-frequency CCPs in which the magnitude of the ion

fluxes and IEDs onto wafers are closely coupled.1,2 In

single-frequency systems, adjusting the bias power and fre-

quency is the main method for controlling IEDs to match dif-

ferent process requirements.3,4 Other methods of controlling

IEDs with single frequency systems include the use of non-

sinusoidal waveforms.5–7 The typical dual-frequency CCP

(DF-CCP) uses a low frequency (<a few MHz) to control

the IEDs and a high frequency (>tens of MHz) to control the

magnitude of the ion and radical fluxes.8 However, even

these choices of frequencies often result in the low frequency

effecting the magnitude of ion fluxes and the high frequency

affecting IEDs.9

With the goal of having finer control of IEDs, as charac-

terized by the self-generated dc bias in CCPs, the electrical

asymmetry effect (EAE) was developed by Heil et al., a DF-

CCP in which the frequencies consist of the fundamental fre-

quency and its second harmonic.10 Using this technique, the

dc self-bias in geometrically symmetric, DF-CCPs can be

controlled through control of the phase difference between

the first and second harmonics. For example, the dc bias can

be varied from positive-to-negative if the dual-frequencies

are 13.56 and 27.12 MHz.10–13 Heil et al. demonstrated that

the EAE has the potential to separately control the magni-

tude of the ion flux and IEDs incident onto electrodes.10

Several other studies have also investigated, both numeri-

cally and experimentally, the fundamentals and applications

of the EAE.10–19

The EAE was initially investigated with a fundamental

frequency of 13.56 MHz in geometrically symmetric CCPs

to produce an asymmetric plasma response. Korolov et al.
investigated the EAE by varying the fundamental frequency

from 0.5 MHz to 60 MHz for CCPs sustained in argon at 375

mTorr (50 Pa) with an electrode gap of 2.5 cm.14 Their simu-

lations showed that a reduction in the ability to control the

range of mean ion energies at lower fundamental frequencies

resulted from the contributions of secondary electron emis-

sion. This reduced response at low frequencies was experi-

mentally observed by Lafleur and Booth.15 The EAE was
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also investigated in a geometrically asymmetric chamber by

Sch€ungel et al.16 In experiments performed in Ar plasmas at

30 mTorr (4 Pa), they found that the EAE can still control

the mean ion energies through adjusting the dc self-bias in

asymmetric systems, though this control was limited by the

natural negative dc-bias that is produced on the smaller

electrode.

The EAE was also found to have utility for improving

the uniformity of sputtering and thin film deposition.

Bienholtz et al. investigated the EAE in a large area (500 mm

diameter) multi-frequency CCP with an Ar/N2 mixture at

22.5 mTorr (3 Pa), a chamber commonly used for sputter dep-

osition processes.17 Their system was operated with phase

control between 13.56 MHz and 27.12 MHz. With Fourier

analysis of the voltage waveforms for various phase angles,

they found that not only the second harmonic, but also the

amplitude and phase shift of higher harmonics had an influ-

ence on plasma density and dc self-bias. Although the elec-

tron density remained constant for a wide range of phase

shifts, the plasma density increased by as much as 50% at

specific phase shifts. Bienholtz et al. also reported on a chal-

lenge in controlling IEDs with the EAE due to the lack of

control of currents produced at the higher harmonics. Hrunsk

et al. reported favorable results for improved uniformity

when applying the EAE to silicon thin film deposition in

large area (1100� 1400 mm) reactors.18,19 The uniformity

with 13.56 MHzþ 27.12 MHz excitation was better than that

produced by a single frequency 27.12 MHz discharge, an

effect they attributed to a reduction in the standing wave

effect found in high frequency, large area systems.

When controlling the phase between multiple frequen-

cies, different varieties of non-sinusoidal waveforms can be

generated for producing different plasma properties.

Bruneau et al. reported producing an EAE-like effect when

using up to 5 harmonics.20,21 Their 1D particle-in-cell simu-

lation predicted 50% higher ion flux on one electrode in geo-

metrically symmetric CCPs when the sum of the harmonic

frequencies had a specified phase shift. This effect was

attributed to differing rising and falling slopes in time of the

voltage waveform. At low pressure, longer mean free paths

produced more uniform ionization and so more uniform

sheath properties. When increasing the pressure in Ar plas-

mas from 20 to 800 mTorr (2.67 Pa to 106.66 Pa), ionization

became more localized at both sheath edges and the asym-

metry in ion flux became more pronounced. The asymmetry

of the discharge decreased at lower fundamental frequencies

as sheath heating no longer dominated the overall electron

heating.

Prior investigations primarily focused on the influence

of phase shifting on plasma properties with customized volt-

age waveforms over a large frequency range.22–25 We follow

those studies with an investigation of the consequences of

the EAE on IEDs within the multiple rf frequencies of

15þ 30 MHz and 15þ 30þ 60 MHz. With plasma reactors

in industry moving from DF-CCPs to triple frequency CCPs

(TF-CCPs), the extension of the EAE to those systems would

be beneficial. We report on experimentally measured plasma

properties and IEDs, and results from computational investi-

gations in both DF- and TF-CCPs with the phase shift with

respect to the harmonics ranging from 0� to 360�. We found

that the dc self-bias varied with the modulation of the rf

waveform as the EAE theory predicts in both DF- and TF-

CCPs. The phase shifting of the harmonic frequencies also

modulated the plasma densities and brought about a change

in the sheath thickness. With the sheath thickness varying,

the shape of the IEDs changed due to there being different

ion transit times of ions of different masses through the

sheath. The consequences of these trends on etch profiles is

discussed.

In Sec. II, we summarize our computational methods,

including both reactor scale model and profile simulators.

The experimental setup and phase lock technology for

phase control are described in Sec. III. Our results are dis-

cussed in Secs. IV (plasma properties in DF-CCPs) and V

(plasma properties in TF-CCPs). Our concluding remarks are

in Sec. VI.

II. DESCRIPTION OF THE MODELS

For the reactor scale simulations described in this paper,

we used the Hybrid Plasma Equipment Model (HPEM), a

two-dimensional kinetic-fluid hydrodynamics code which

combines separate modules that address different physical

phenomena. HPEM has been previously described and so

will be briefly summarized here.26 For this study, the

Electron Monte Carlo Simulation (eMCS), the Fluid Kinetics

Poisson Module (FKPM) and the Plasma Chemistry Monte

Carlo Module (PCMCM) were used to investigate EAE phe-

nomena and ion energy distributions onto the substrate.

The FKPM solves separate continuity, momentum and

energy equations for all heavy particle species (neutral and

charged) while using drift-diffusion fluxes with the

Sharffeter-Gummel formulation for electrons. Poisson’s

equation for the electric potential was solved using a semi-

implicit technique with potentials evaluated at a future time

with predicted densities of charged particles based on their

current values and predictions based on time extrapolated

fluxes. Since the highest frequency used in this study was

60 MHz and the chamber was only 150 mm in diameter,

electromagnetic effects such as the standing wave effect

were not included—our solution for electric potential is

purely electrostatic. Time steps were chosen to be less

than 1/300 of the highest applied frequency (1.1� 10�10 s

for 30 MHz in DF-CCPs and 5.5� 10�11 s for 60 MHz in

TF-CCPs).

The electron energy distribution for both bulk and

secondary electrons are derived completely kinetically in the

eMCS including electron-electron collisions.27 Particle tra-

jectories for 4,000 to a maximum of 25,000 particles were

integrated in time for more than 300 lowest frequency rf

cycles on each call to the eMCS to produce spatially depend-

ent electron energy distributions, which are then used to

obtain electron impact source functions and transport coeffi-

cients. A separate Monte Carlo simulation was used for bulk

electrons and for secondary, sheath accelerated electrons.

These source functions and transport coefficients are then

used in fluid equations for the bulk electron density. The

boundary condition for our simulations is the voltage
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waveform and so non-linearities in the system are reflected

in the harmonic content of the current. For single frequency

excitation for the experimental conditions, we compute sig-

nificant current up to the 5th harmonic.

With a blocking capacitor connected in series to the

bottom electrode in a geometrically asymmetric CCP, a dc

self-bias was naturally generated on the electrode to bal-

ance currents collected by each electrodes. The dc bias ulti-

mately determines the mean ion energy onto the substrate.

The dc bias was determined by computing the time integral

of the conduction and displacement current (net charge)

collected by metal surfaces connected to either side of the

capacitor

Vdc ¼
1

C

ðX
i

mi

X
j

~/j qj þ qcijð Þ � n_ i þ
@ e~E � n_ i

� �
@t

0
@

1
Adt;

(1)

where C is the blocking capacitance, ~/j is the flux of charged

particle j having charge qj incident onto metal i have local

normal n
_

i. cij is the secondary electron emission coefficient

for species j and metal i. The first summation is over metal

surfaces, where mi is 6 1 depending on whether the metal is

on the grounded or powered side of the circuit. The second

summation is over charged species.

When investigating the consequences of phase shift

between the fundamental and second harmonic frequencies,

the voltage waveform on the bottom electrode is expressed as

VBðtÞ ¼ VLF sinðxLFtþ uLFÞ
þ VHF sinðxHFtþ uHF þ D/HFÞ; (2)

where LF refers to the low frequency and HF refers to the

high frequency. uLF and uHF refer to the unknown phase off-

set from the signal generator to the electrode through the

transmission line in the experiment for each frequency.

Having no other information, these phase offsets are

assumed to be the same. D/HF refers to the shift in the phase

of the HF with respect to the LF. Unless noted otherwise, in

the computations LF¼ 15 MHz and HF¼ 30 MHz.

In the TF-CCP, a sinusoidal 60 MHz waveform was

applied on the top electrode, which is expressed as

VTðtÞ ¼ V60 sinðx60tþ u60 þ D/60Þ; (3)

where u60 refers to the phase offset from the 60 MHz signal

generator and D/60 refers to the shift in the phase of the

60 MHz with respect to the 15 MHz voltage. In the experi-

ment, phase locks were only used on the fundamental and

second harmonic frequencies. Therefore, the phase offset

and phase shift of 60 MHz are unknown. The influence of the

60 MHz phase shift was investigated with the model and will

be discussed in Sec. IV.

The PCMCM was used to obtain the ion and neutral

fluxes as well as their energy and angular distributions onto

surfaces in contact with the plasma. All simulated IEDs pre-

sented in this paper are normalized to their maximum value

and averaged over the surface of the substrate.

The majority of the simulations were performed in pure

argon with species consisting of Ar, Ar(1s2), Ar(1s3),

Ar(1s4), Ar(1s5), Ar(4p,5d), Arþ and e. The reaction mecha-

nism for Ar is essentially the same as described in Ref. 28.

In addition to the pure argon cases, an Ar/CF4/O2 gas mix-

ture was also simulated to study the influence of the EAE on

plasma etching process. The gas phase and surface reaction

mechanisms are discussed in Refs. 27 and 29. The species in

the Ar/CF4/O2 mechanism were Ar, Ar(1s5, 1s3) metastable,

Ar(1s2, 1s4) radiative, Ar(4p,5d), Arþ, CF4, CF3, CF2, CF, C,

F, F2, C2F4, C2F6, C2F6, SiF4, SiF3, SiF2, CF3
þ, CF2

þ, CFþ,

Cþ, Fþ,F2
þ, CF3

�, F�, O2, O2(1D), O2
þ, O, O(1D), Oþ, O�,

COF, COF2, CO2, FO and e.

Energy and angular distributions incident onto the sub-

strate for Arþ, CF3
þ,CF2

þ,CFþ,Fþ and F2
þ and major neu-

tral particles produced by the PCMCM were transferred to

the Monte Carlo Feature Profile Model (MCFPM). MCFPM

is a 2 dimensional profile simulator which is used to predict

profile evolution during etching, in this case etching SiO2

over Si.30 In the MCFPM, the surface materials of the wafer

are resolved with a rectilinear mesh. Each mesh cell repre-

sents a different solid material. Pseudo-particles were

launched towards the surface with velocities randomly

selected from the energy and angular distributions provided

by the PCMCM. The particle identity was randomly chosen

from the mole-fraction weighted fluxes of all incident spe-

cies. When the pseudo-particle strikes a solid cell, the parti-

cle may reflect, chemically react, adsorb, sputter or implant

based on the randomly allocated probabilities of the reaction

mechanism. The reaction mechanism for etching of Si and

SiO2 in fluorocarbon plasma is described in detail in Ref. 31.

In order to eliminate the effect of mask erosion on etch pro-

files, we assumed a hard mask that does not change its shape

during processing.

III. DESCRIPTION OF THE EXPERIMENT

Measurements of IEDs incident onto the substrate and

dc biases were made in a parallel plate CCP. The apparatus

could be powered by 3-separate voltage sources, typically a

fundamental and its second harmonic, and a HF. Control

algorithms were developed to enable phase locking of the

fundamental and the second harmonic. The DF-CCP has

been previously reported and described in detail in Ref. 32.

The TF experimental setup is shown in Fig. 1 and comprises

the following subsystems: (1) plasma source with vacuum

regulation and gas flow control; (2) very high frequency

(VHF) power supply and impedance matching network; (3)

phase-locked, harmonic drive rf power supply and associated

dual frequency matching network; and (4) metrology com-

prising an energy analyzer and rf sensors.

A. Capacitively coupled plasma source

All experiments were performed on the Modular

Radiofrequency Plasma Chamber (MrPC). MrPC is a paral-

lel plate CCP reactor with two 150 mm diameter aluminum

electrodes. The electrodes are mechanically fastened to spin-

dles for adjusting the distance between the electrodes and

their position inside the reactor. The electrode gap was
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 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

141.213.8.59 On: Wed, 17 Jun 2015 14:46:10



2.54 cm for the DF investigation and 1.9 cm for the TF inves-

tigation. The electrodes are housed in a Rexolite plastic

shroud that provides 180 pF of electrical isolation to the sur-

rounding ground plate with an approximate loss tangent of

0.001 at 100 MHz. The powered electrodes are coupled to

their respective matching networks through RG-393 MIL-C-

17 rf cable and terminated on each end with N-Type connec-

tors. The reactor can sustain a plasma source from excitation

frequencies ranging from 100 kHz to 200 MHz. MrPC is a

stainless steel vessel pumped by a turbo molecular pump

(TMP) with a base pressure of <0.1 mTorr. The leak rate of

the reactor when isolated from the TMP was 1.4 mTorr/min.

The associated gas introduced into the system by this small

leak is negligible compared to the controlled gas flow for all

experiments. All experiments were conducted with argon,

supplied to the chamber using an analog controlled mass

flow controller. Pressure was controlled using a closed-loop

capacitance manometer and throttle valve for pressure mea-

surement and conductance control, respectively. For this

experiment, this feedback system was used to maintain reac-

tor pressure at a given set-point.

In the TF configuration, the electrode on the left side of

the reactor, schematically shown in Fig. 1, is coupled to the

60 MHz rf power supply for plasma generation. This AE

Ovation 5060 60 MHz power supply transfers rf power to

the electrode through an auto-tuning matching network. The

counter electrode is coupled to the phase-lock harmonic

driven rf power delivery system, which consists of frequency

agile 13.56 MHz Surepower and 27.12 MHz LVG rf genera-

tors from MKS Instruments, Inc., ENI Products. The har-

monic rf power delivery is coupled to the electrode through

a DF matching network. A computer interface is networked

to the rf power supplies to configure power and phase

settings.

B. Phase locked, harmonic drive rf power delivery

The frequency and phase locking technology is based on

a digital phase-lock loop32 (dPLL). The harmonic rf power

delivery system is composed of two frequency agile rf sup-

plies. The 13.56 MHz rf generator is designated as the master

and the 27.12 MHz rf power supply is the slave. This rf exci-

tation signal is sampled by the slave generator, converting it

to a digital signal and processing it along with a digital repre-

sentation of the local rf it generates. To create a harmonic

replica of the master frequency, the slave controller applies a

digital phase-lock loop to synchronize and scale the local fre-

quency to the excitation signal. Before employing the phase-

lock loop, digital signal processing is applied for immunity

from spurious frequency content arising from the frequencies

supplied by the generators and the corresponding harmonic

and mixing frequency emission from the sheath dynamics.33

In the slave controller, digital down-conversion is separately

performed for the sampled excitation signal and the local fre-

quency generated by the slave. This digital process down-

sampled the digital signals from the A/D conversion rate to

an integer divisible sample rate. While lowering the data

rate, a variable narrowband filter attenuates the spurious fre-

quencies to retain a digital baseband signal. This digital pro-

cess is followed for both the excitation signal and the local rf

signal. The digital baseband signals are represented in a

mathematically complex form and applied to the digital

phase-lock loop. To determine the frequencies of each

FIG. 1. Experimental setup for triple frequency CCP. Dual frequency setup is similar except that the top electrode is grounded.
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signal, the time derivative of the phasor of each digital base-

band signal was computed. This provides a measure of the

excitation signal frequency, fe ¼ @heðtÞ
2p@t , and the local slave

frequency, frf ¼ @hrf ðtÞ
2p@t . To adjust the local frequency of the

slave output power to the excitation signal, a frequency error,

fD ¼ fe � frf , was computed and applied to a proportional, in-

tegral, and derivative (PID) controller34 that iteratively pro-

duces updates to a digital synthesizer generating the

frequency of the slave power supply. As the frequency con-

verges to the harmonic of the master frequency, the fre-

quency error fD!0.

Once the slave frequency is locked, the dPLL transitions

to phase control. The output phase of the rf is compared to

the desired phase and maintains this set point through tran-

sient conditions and systematic effects. One systematic influ-

ence is attributed to the power amplifier (PA). In PA circuits,

there is a phase shift related to the amount of output power.

In conventional rf plasma discharges, this phase shift is irrel-

evant. To tailor the skew of the IEDs based on phase shift

between the harmonic pair; this systematic offset can impair

the target distribution. The relationship between the master

and slave generators is a normalization of this phase shift of

the PA circuit only (no active phase control) as it relates to

the normalized power generated. The phase shift rapidly

decreases at lower power before the monotonic effect

reduces for mid- to higher-power range. The phase shift is

due to the output capacitance of MOSFET devices used in

PA circuits.35 Our dPLL generates the harmonic frequency

and accurately maintains the target phase output relationship

with the coupled excitation signal from the slave. The benefit

is substantial enough to gain a higher degree of fidelity in

generating the desired IED.

C. Metrology

The metrology for our experiments served two objec-

tives: (1) monitor and control the rf power and (2) measure

plasma parameters, specifically, the ion energies we sought

to manipulate for IED control. To monitor the rf source

power for each electrode, in-line rf metrology was connected

at the output of each impedance matching network as shown

in Fig. 1. To facilitate rf measurements in the range of

13.56 MHz to 60 MHz, rf metrology comprised broadband

VI sensors and accompanying signal processing from MKS

Instruments, Inc. To alleviate out-of-band spectrum from im-

pinging measurements at the frequency of interest, narrow-

band digital filters were configured in a parallel digital signal

processing architecture for high-data rate results with high

accuracy.36 An rf-compensated Langmuir probe, positioned

at the center of the discharge, was used to measure electron

density, electron temperature, and plasma potential. IEDs

were measured with a Retarding Field Energy Analyzer

(RFEA), which was positioned on the biased electrode. The

ion energy measurement system was from Impedans Ltd.

and the sensor was constructed with an array of holes for ion

absorption at the plasma interfacing surface, above the multi-

layer ion collector within the sensor cavity.37

IV. PLASMA PROPERTIES AND IEDS IN A DF-CCP
REACTOR

Schematics of the two-dimensional, cylindrically sym-

metric DF- and TF-CCPs used in the simulation are shown

in Fig. 2. In the DF-CCP, the gap between the electrodes was

2.54 cm to match the experiments. Gas was injected through

the top nozzle at 50 sccm near the chamber wall. The top

electrode and the metal wall were grounded, and thus the

CCP reactor is geometrically highly asymmetric. Both rf

biases were applied to the bottom electrode through a

blocking capacitor (1 lF). The 15 cm in diameter substrate

was surrounded by a dielectric focus ring (e/e0¼ 2.53,

r¼ 10�9 X�1 cm�1). The annular pump port was at the bot-

tom of the computational domain, coaxially surrounding the

substrate. During execution of the code, the flow rate through

the pump port, also nominally 50 sccm, was adjusted to keep

the pressure inside the plasma chamber constant.

Operating conditions for the TF-CCP were nearly same

as for the DF-CCP, except that the gap was 1.90 cm and a

60 MHz rf source was applied to the top electrode. All results

from the experiment were obtained with 13.56 MHz

þ 27.12 MHz power applied to the bottom electrode and an

optional 60 MHz on the top electrode for TF-CCP. For rea-

sons having to do with computational alignment of frequen-

cies and minimizing numerical error, the lower two rf

frequencies in the simulation were rounded to 15 MHz and

30 MHz. The phase shift between the harmonics was at 30�

increments for both the simulation and experiments.

The experimental chamber is highly asymmetric. That

is, the area ratio between the grounded surfaces and power

electrode(s) greatly exceeds unity, and this naturally pro-

duces a dc bias. The entire volume of the reactor exceeds

what can be realistically included in the numerical mesh of

FIG. 2. Schematic of geometries used in the model. (a) Dual frequency CCP

with both 15 and 30 MHz applied on the bottom electrode. The top electrode

and metal chamber wall are grounded. The gap between the two electrodes

is 2.54 cm. (b) Triple frequency CCP with 15 and 30 MHz applied on the

bottom electrode, and 60 MHz applied on the top electrode. The electrode

gap is 1.9 cm. The chamber wall is grounded.
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our model. The result is that the area of grounded surfaces in

the model is smaller than in the experiment. Therefore, for a

given applied voltage, we will not produce the same dc-bias

as in the experiment. The primary objective of this study is

the behavior of the IEDs which are most sensitive to the dc

bias. We therefore chose voltages in the model to match the

base case dc bias in the experiment. This difference in volt-

age amplitude has an effect on predicted plasma densities, as

discussed below.

To validate the HPEM and, in particular, the PCMCM

that produces IEDs, a set of single frequency simulations

were performed with pressures ranging from 10 to 40 mTorr

(1.33 Pa to 5.33 Pa) of Ar with a flow rate of 50 sccm. The

power was 100 W at 30 MHz. The dc self-bias was kept at a

constant value of �87 V in the simulation. The simulated

IEDs, shown in Fig. 3(a), agree favorably with previously

published experimental results.32 To better visually match

the presentation of the experimental results, the simulated

IEDs were normalized to 1.0 at their maximum values. For

these single frequency IEDs, the bimodal distribution typi-

cally obtained at low frequencies has already started merging

towards a single peak. For a dc bias of �87 V and the time

averaged plasma potential of 35 V, the average ion energy

should be near 122 V, which is about the location of the peak

of the IED. With constant power at high pressure, ion–neu-

tral collisions produce modulation in the IEDs at energies of

<70–80 eV.38 With a decrease in pressure, the ion mean free

path increases and exceeds the sheath thickness. The sheath

on the powered substrate transitions from collisional to less-

collisional, and the low energy tail of IEDs is less modulated

when the pressure is below 20 mTorr. Because the RFEA

system requires a balance between minimizing collisional

distortion and maximizing ion fluxes, all DF/TF phase-

locked simulations and experiments were conducted between

10 and 20 mTorr.

The mismatch in the maximum energy between the sim-

ulation and experiment results from some inherent differen-

ces in the mode of operation in the experiment and in the

simulations. In the experiments, current is the independent

variable and power the dependent variable. In the simula-

tions, power is the independent variable and current is the

dependent variable. (Changing the mode of operation of the

model to current being the independent variable was beyond

the scope of this study.) As such, it is sometimes difficult to

exactly match the operating conditions of the experiment

with the simulations.

To provide a perspective for our investigation of EAE

characteristics, a base case simulation was performed for

Ar at 20 mTorr and 50 sccm flow. The waveform for the

DF excitation was VBðtÞ ¼ 100V sinðx15tþ u15Þ þ 100V
sinðx30tþ u30 þ D/30Þ , where the phase offset of the signal

generator to the electrode, u15¼u30¼ 180� and there is no

phase shift D/30 between the 15 and 30 MHz signals. (VB(t)
is the voltage on the bottom electrode.) The electron density,

ne, electron temperature, Te, ionization by bulk electrons, Se,

and ionization by secondary electrons (secondary emission

coefficient c ¼ 0:15), Ssec, for this base case are shown in

Fig. 4. With an equal voltage for each of the dual-

frequencies, the plasma density was approximately

1011 cm�3 with an average bulk electron temperature of

Te¼ 3.3 eV. The bulk ionization source, maximum of

1� 1016 cm3s�1 is about two orders larger than the ioniza-

tion by secondary electrons.

The electron density predicted by the model is larger

than that measured using probes for similar conditions,

which is 2� 1010 cm�3. The experimental voltage ampli-

tudes for each frequency is about 40 V for those measure-

ments. When using a 40 V amplitude in the model, the

predicted electron density drops to 5� 1010 cm�3, which is

within about a factor of 2 of the measurement. As mentioned

above, the main object of this study is understanding the

IEDs which are most sensitive to the value of the dc bias.

Due to the differences in the area of the grounded surfaces of

the reactor between the model and the experiment (see prior

discussion), we adjusted the voltage in the model for the

base case to 100 V in order to produce an initial dc self-bias

similar to that of the experiment. This increase in voltage

accounts for about a factor of two increase in plasma density

above that of the experiment.

With D/30 varied from 0� to 360� with u15¼u30

¼ 180�, the dc self-bias is shown in Fig. 5(a). The results

from the simulation and the experiment agree well. Due to

FIG. 3. IEDs for a single frequency CCP with pressure varying from 10 to

40 mTorr. Power was varied to provide constant dc bias voltage (�87 V) for

each condition. (a) Simulated IEDs for an Ar plasma with 30 MHz on the

bottom electrode. (b) Experimental results. Reprinted with permission from

D. J. Coumou et al., IEEE Trans. Plasma Sci. 42, 1880 (2014). Copyright

2014 IEEE.
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the reactor being highly asymmetric, a dc self-bias is natu-

rally generated to balance currents on both electrodes even

with no phase shift. The consequences of the EAE adds to or

subtracts from the zero-phase dc bias, which in this case is

negative. Therefore, the dc-self bias is always negative in the

simulations and measurements. As the EAE theory predicts,

the dc self-bias linearly depends on the phase angle of the

15 MHz. However, we observed that the dc self-bias shows a

sinusoidal-like variation with the phase angle of 30 MHz

varying from 0� to 360�. We also performed simulations

with a phase offset u15¼u30¼ 0� and 90� (i.e., waveforms

that are sine and cosine functions with different amplitudes)

as shown in Fig. 5(b). Although dc self-biases show linear

modulation at certain phases, most simulated dc-self biases

show sinusoidal-like variations, which can be expressed as

a sine function with its phase offset equal to the rf phase off-

set u.

The amplitude of the variation in dc self-bias depends

on the voltage amplitude of the 15 MHz and 30 MHz biases.

When both voltage amplitudes are increased to 150 V, the

rf currents on the electrode are increased for all phases

shifts. Thus, more negative dc self-biases are produced

for all phase shifts for bias waveforms VBðtÞ ¼ 150V
sinðx15tÞ þ 150V sinðx30tþ D/30Þ . With the application of

cosine functions (i.e., VBðtÞ¼100V sinðx15tþ90�Þþ100V
sinðx30tþ90�þD/30Þ , the simulated dc self-bias modula-

tion is close to the measured and simulated results of

Schulze et al.39 Ultimately, the dc bias at zero-phase (or a

reference phase) is determined by the area ratios of the pow-

ered and grounded surfaces. The change in dc bias as a func-

tion of D/ from the reference value then depends on the

shape of the voltage wave form (e.g., sine vs cosine) and

which phase is being varied (fundamental or second har-

monic). The simulated results show that the dc self-bias

varies linearly for most phase angles and shows sinusoidal-

like shapes at other phase angles. These results suggest the

linear dependence between dc self-bias and phase does not

strictly hold as the waveform and geometrical conditions

(e.g., symmetric vs asymmetric) change.

FIG. 4. Time averaged plasma properties for the DF-CCP having base case

conditions (Ar, 20 mTorr, 50 sccm, VbottomðtÞ¼100V sinðx15tþ180�Þþ100V
sinðx30tþ180�Þ, no phase shift between two frequencies). (a) Electron den-

sity, (b) electron temperature, (c) bulk electron ionization source, and (d) ioni-

zation by sheath accelerated secondary electrons. The plots use linear scales.

FIG. 5. Dc self-biases with a shift of phase D/30 from 0� to 360�.
(a) Simulated and measured dc self-biases for base case operating condi-

tions. (b) Simulated dc self-biases for different sinusoidal waveforms

(different phase offset). The “100 V–sin” represents VBðtÞ ¼ 100V
sinðx15tþ 180�Þ þ 100V sinðx30tþ 180� þ Du30Þ, the “150 V sin ” repre-

sents VBðtÞ ¼ 150V sinðx15tÞ þ 150V sinðx30tþ D/30Þ, and “100 V cos ”

represents VBðtÞ ¼ 100V cosðx15tÞ þ 100V cosðx30tþ D/30Þ. (c) Simulated

dc self-biases for cosine functions with phase shift angle applied at the fun-

damental frequency: VBðtÞ ¼ 100V cosðx15tþ D/15Þ þ100V cosðx30tÞ.
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For example, in many prior studies of EAE, the basic

voltage waveforms have zero phase offset at the fundamental

and second harmonic, and the phase variation is applied to

the fundamental. With all other conditions kept the same, the

we used this form of the bias waveform in the model:

VBðtÞ ¼ 100V cosðx15tþ D/15Þ þ 100V cosðx30tÞ . The pre-

dicted variation in dc self-biases, shown in Fig. 5(c), agree

well with the theoretical prediction. When D/15 is shifted

from 0� to 90�, the dc self-bias becomes 75 V less negative,

which shows a similar trend to the 1-D simulations of an

asymmetric CCP.40

This part of study suggests that the value of dc-self bias

is determined by two kinds of asymmetries, electrical and

geometrical. By adjusting phases, the electrical asymmetry

effect modulates dc self-bias. Many previous studies have

investigated EAE in geometrically symmetric reactors which

do not have an initial dc self-bias resulting from the geomet-

rical asymmetry. With the initial dc self-bias equal to zero,

the EAE can tailor the dc self-bias to be either positive or

negative. On the other hand, the initial value of dc self-bias

is determined by the amplitude of the rf current and the geo-

metrical asymmetry. In this case, the EAE modulates the dc

bias but does not necessarily provide a full dynamic range

from negative to positive.

The unknown phase offset in the experiment can be esti-

mated by the variation in the dc bias starting phase at

D/30¼ 0� if the phase offsets of both frequencies are the

same. Since current is controlled in the experiment, the

amplitudes of both frequencies had about a 15% variation

during the parameterization of D/30. This variation may

explain why at certain values of D/30 there is less good

agreement between the model and experiment. Other differ-

ences include the geometry of the reactor which in part

determines the dc bias (jVdcj / Aground

Apower
). Due to computational

limitations, the surface area of the grounded chamber walls

is smaller in the model than in the experiment.

For otherwise the same conditions, the computed plasma

density and uniformity were affected by phase shifting, as

shown in Fig. 6. The electron densities were recorded as a

function of radius to the edge of the substrate in the middle

of the electrode gap. The plasma densities remained constant

for the majority of the values of D/30 between 0� and 180�,
with a maximum value of 1.1� 1011 cm�3 at a radius of

about 5 cm. At larger phase differences, the plasma density

increased by 40% to 1.35� 1011 cm�3 with the maximum

shifting to the center of the reactor. A similar phenomenon

was measured and reported by Bienholz et al.17 Keeping the

voltage constant while providing different rf voltage wave-

forms with different D/30 produces different power deposi-

tion and different spatial distributions of ionization that

provide larger instantaneous ionization rates. The cycle aver-

aged ionization rates for bulk electrons for D/30¼ 90� and

270� are shown in Fig. 6. (Recall that the plasma density is

mainly produced by bulk ionization.) The ionization rates for

D/30¼ 90� have a maximum near 5 cm that corresponds to

the maximum in electron density. In contrast, the time aver-

aged bulk ionization source for D/30¼ 270� has a maximum

near the axis, which corresponds to the peak in electron den-

sity for that phase offset. These results align with changes in

the spatial dependence of the electron energy distribution

with phase offset.

We also investigated the sheath dynamics for different

D/30. The rf waveforms for D/30¼ 90� and 270� are shown

in Fig. 7(a). The electron densities in the near sheath region

(0–4 mm above the substrate) at the bullet-marked times

are shown in Fig. 7(b). The D/30¼ 90� voltage waveform

spends the majority of the cycle below zero. This produces a

longer cathodic portion of the cycle and more sheath expan-

sion from t¼ 0 to 0.63T15 (T15 is one 15 MHz period). At

t¼ 0.63T15, electrons start to re-enter the sheath and the

sheath collapses at t¼ 0.75T15 when the most positive bias is

applied. After that time, the sheath starts to expand again

FIG. 6. Time averaged electron density in the middle of the electrodes

(1.27 cm above substrate) from the center to the edge of the substrate for Ar,

20 mTorr, 50 sccm with rf bias: VBðtÞ ¼ 100V sinðx15tþ 180�Þ þ 100V
sinðx30tþ 180� þ Du30Þ.(a) D/30¼ 300�, 330�, 360�(0�), 30�, 60�, 90�. (b)

D/30¼ 120�, 150�, 180�, 210�, 240�, and 270�. Note that the range of den-

sity plotted is from 6� 1010 to 14� 1010 cm�3. (c) Cycle averaged bulk ion-

ization source for D/30¼ 90� and (d) D/30¼ 270�.
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and the sheath boundary moves back towards the bulk

plasma. Unlike the D/30¼ 90� voltage waveform, the ca-

thodic portion of the cycle is shorter for D/30¼ 270�. As a

result, the sheath is collapsed for the majority of the 15 MHz

period. The sheath for D/30¼ 90� is generally thicker than

for D/30¼ 270� due to a lower plasma density and much

longer cathodic phase. Since the ion transit time through the

sheath depends on the sheath thickness and when ions enter

the sheath, these sheath dynamics produce significant varia-

tions of the IEDs.

The computed IEDs corresponding to variation in D/30

are shown in Fig. 8. Three phenomena occur when D/30 is

varied that can affect the IEDs. First, the variation in dc self-

bias produces a change in the modulation of the sheath

potential and therefore, the mean ion energy. For example,

the high energy tail of the IEDs shifts by about 70 eV which

tracks the change in the dc self-bias with change in D/30.

The increase in dc bias for D/30¼ 90� to �150 V correlates

with the extension of the IED to 220 eV. Second, the IEDs

are 10 to 20 eV wider in energy at phases D/30¼ 0�–120�.

The energy width DE /
ffiffiffiffiffiffiffiffiffiffi
ne

�Vs

p
. The plasma densities at

those phases are lower and so their sheaths are thicker, which

can contribute to narrower energy widths. However, the av-

erage sheath voltages are higher at those phases. This is the

main determining parameter for our operating conditions.

Thus, the energy width slightly modulates at certain phases.

Third, the shape of IEDs is not consistent across phase

changes. The energy at which the IED is maximum shifts

with D/30. This shift is mainly due to the high frequency

modulation of the sheath potential by the 30 MHz voltage.

Selected results from the experiment for IEDs are com-

pared with results from the simulation in Figs. 9(a) and 9(b)

for when the dc self-bias is at its minimum and maximum.

There is good agreement in trends and shape. Differences

between experiment and the model may result from the

assumption of there being an equal phase offset for both fre-

quencies in the simulation. When different phases have the

same dc self-bias, the mean ion energies are the same,

however, the energy of the peak in the IED is different

due to the different ion sheath dynamics caused by the

30 MHz. Referring to Fig. 5(a), the simulated dc biases for

D/30¼ 150� and 30� have similar dc bias as the 200� and

20� cases in the experiment. The corresponding IEDs are

shown in Figs. 9(c) and 9(d) and have similar mean energies

with different energy peak positions. These results suggest

that the EAE may be used not only to control the mean ion

energy region, but also to help customize the shape of the

IED for different process requirements. The optimization of

an etch process can be roughly divided into the rate of proc-

essing and selectivity. Selectivity depends on parameters

such as the thickness of an overlying passivating polymer

but selectivity more critically depends on the difference in

threshold energies for ion activation between different mate-

rials.41 So even with the same average ion energy, subtle

changes in the IEDs (e.g., absence of a low-energy portion or

enhancement of a high-energy portion) can make significant

changes in the selectivity between materials.

The potential influence of EAE on plasma etching was

computationally investigated using an Ar/CF4/O2¼ 75/20/5

gas mixture at 20 mTorr. The time-averaged plasma densities

FIG. 7. Sheath dynamics for D/30¼ 90� and 270� during one 15 MHz pe-

riod, T15. (a) rf waveform applied to the substrate. (b) Electron density in the

sheath region (radius from 0 to 7.5 cm and height from 0 to 4 mm above the

substrate) for selected time points for (left) D/30¼ 90� and (right)

D/30¼ 270�.

FIG. 8. Time averaged IEDs onto the substrate for Ar at 20 mTorr,

50 sccm with rf bias: VBðtÞ ¼ 100V sinðx15t þ 180�Þ þ 100V
sinðx30t þ 180� þ D/30Þ. (a) D/30 ¼ 300�, 330�, 360� (0�), 30�, 60�, and

90�. (b) D/30 ¼ 120�, 150�, 180�, 210�, 240�, and 270�.
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were calculated to be 1.9� 1010 cm�3, 1.5� 1010 cm�3,

1.8� 1010 cm�3, and 1.8� 1010 cm�3 for phase differences

of D/30¼ 0�, 90�, 180�, and 270�, respectively. The phase

shifting has minor influence on the electronegativity and

ion fluxes as well. The electronegativity varies by only

2% (between 0.17 to 0.19) over this range of D/30. The

summed fluxes of major radical and ion species (Arþ, CF3
þ,

O2
þ, CF2, CF3, F, O, F2) were found change to change by

about 10%.

A high aspect trench was etched in SiO2 over Si with a

hard mask. The phase difference D/30 was varied from 0� to

270�. The resulting IEDs for CF3
þ, Arþ, and Oþ are shown

in Fig. 10. The control of IEDs by use of the EAE is compli-

cated by the different masses of the ions. The response of

ions to the change in phase and harmonic content of the

sheath is a function of their mass. Although the general

trends of the IEDs for CF3
þ, Arþ, and Oþ scale similarly

with changes in D/30, the details of the individual IEDs are

sensitive functions of the ion mass. The ability to control the

width and location of the maximum in the IEDs scales inver-

sely with ion mass. Small changes in the value of D/30 can

translate to significant changes in the etch profile as shown

FIG. 9. Simulated and measured IEDs for operating conditions of

Ar at 20 mTorr, 50 sccm, VBðtÞ ¼ 100V sinðx15t þ 180�Þ þ 100V
sinðx30t þ 180� þ D/30Þ. In the experiment, the phase delay is

unknown. (a) Simulated IEDs for minimum and maximum dc-bias

phases, D/30¼ 270� and 90�. (b) Measured IEDs for minimum and

maximum dc-bias phases, D/30¼ 260� and 80�. (c) Simulated IEDs at

phases that have similar dc biases, D/30¼ 150� and 30�. (d) Measured

IEDs for phases having similar dc biases, D/30¼ 200� and 20�. The

different shape of the IEDs suggests that the EAE not only affects

mean ion energy but also ion sheath dynamics which modify IEDs.

FIG. 10. Simulated IEDs and etch profiles for Ar/CF4/O2¼ 75/20/5 at 20 mTorr

with VBðtÞ¼100V sinðx15tþ180�Þþ100V sinðx30tþ180� þD/30Þ, where

D/30¼0�, 90�, 180�, and 270�. (a) CF3
þ (heaviest ion), (b) Arþ (major ion

species), (c) Oþ (lightest ion), and (d) etch profiles when the D/30¼270�

case reaches 20% over-etch.
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in Fig. 10(d). The profiles are plotted at the time that the pro-

file for D/30¼ 270� reached 20% over-etch (etching contin-

ued for 20% more time than was required to reach the

bottom of the feature). The etch rate of SiO2 generally scales

as ðe1=2
ion � e1=2

th Þ, where eth is a threshold energy that depends

on the details of the chemical system.42 With this scaling,

the D/30¼ 90� case has the lowest etch rate (lowest dc bias)

and the D/30¼ 270� case has the highest etch rate (largest

dc bias). With similar values of the mean ion energy (dc

bias), the D/30¼ 0� and 180� cases have different etch pro-

files, a consequence of the shape of the IED. For example,

the larger low energy peak of the IED for D/30¼ 0� case

stimulates additional polymer deposition on the side walls of

the feature or sputters less polymer from the side wall, which

produces more tapering of the profile. The systematic trends

are difficult to discern since the IEDs do not monotonically

vary with phase difference D/30.

V. PLASMA PROPERTIES AND IEDS IN A TRIPLE-
FREQUENCY CCP REACTOR

Since higher ion fluxes usually translate to higher etch

rates, high plasma density reactors are typically employed

for industrial processes. In order to attain high plasma den-

sities in CCPs, a high frequency (>40 MHz) is commonly

used as electron heating scales with x2. To investigate

the EAE with quasi-independent control of the plasma den-

sity, the top electrode was additionally powered at 60 MHz.

The base case for the computations is Ar, 20 mTorr with

a voltage waveform: VðtÞ ¼ 100V sinðx15tþ 180�Þ þ 100V
sinðx30tþ 180�Þ þ V60 sinðx60tþ 270�Þ. The voltage at

60 MHz was adjusted to deliver 150 W. The electron density

and temperature, ionization sources by bulk electrons and

by secondary electrons are shown in Fig. 11. The maximum

electron density is 2.3� 1011 cm�3 with an average Te

¼ 3.4 eV. With the addition of the 60 MHz power, the plasma

density of the TF-CCP is two times larger than that of the

DF-CCP. The majority of this increase comes from an

increase in the bulk ionization source, a consequence of

more efficient electron heating at the higher frequency. The

60 MHz power is approximately half the total. Since the

15 MHz and 30 MHz voltages are held constant, upon apply-

ing the 60 MHz power which increases the ion current, the

power at 15 MHz and 30 MHz also increase.

While varying D/30 in the TF-CCP while keeping all

other parameters constant, the plasma uniformity at mid-gap

was more sensitive to phase compared to the DF-CCF. These

trends are shown in Fig. 12(a). This sensitivity was most

pronounced for D/30¼ 0� for the TF-CCP (minimum in den-

sity) and D/30¼ 270� for the DF-CCP (maximum in den-

sity). When the power at 60 MHz is increased from 50 to

FIG. 11. Time averaged plasma properties for the TF-CCPs base case

conditions (Ar, 20 mTorr, 50 sccm, VðtÞ ¼ 100V sinðx15tþ 180�Þ þ 100V
sinðx30tþ 180�Þ þ P60 sinðx60tþ 270�Þ and P60¼ 150 W). (a) Electron

density, (b) electron temperature, (c) bulk electron ionization source, and (d)

ionization by sheath accelerated secondary electrons. The plots use linear

scales.

FIG. 12. Electron density at mid-gap from the center of the reactor to the edge

of the electrode with bottom bias VBðtÞ ¼ 100V sinðx15tþ 180�Þ þ 100V
sinðx30tþ 180� þ D/30Þ and D/30¼ 0�, 30�, 60�, and 90�. (a) Comparison

between no 60 MHz power on top electrode (DF) and 150 W at 60 MHz (TF).

(b) 60 MHz power¼ 50, 150, and 600 W and with constant 60 MHz phase.

233302-11 Zhang et al. J. Appl. Phys. 117, 233302 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

141.213.8.59 On: Wed, 17 Jun 2015 14:46:10



600 W, the plasma density increases, though not linearly.

From 50 to 600 W (a factor of 12) the plasma density

increased by a factor of 3, as shown in Fig. 12(b). However,

with higher power at 60 MHz, the plasma becomes more uni-

form, likely a consequence of the electron heating at 60 MHz

being less sensitive to the electric field enhancement at the

edge of the electrodes. The modulation in electron density

with D/30 persists for all 60 MHz powers though the value

of D/30 which produces the maximum density is sensitive to

the 60 MHz power. At 50 W of 60 MHz power, D/30¼ 270�

produces the highest plasma density. For 600 W, D/30

¼ 90�–180� produces the highest plasma density. There are

two effects that may influence these trends. First, the higher

plasma density produced by 600 W at 60 MHz results in a

thinner sheath which would reduce the relative value of sto-

chastic heating at 15 and 30 MHz compared to resistive heat-

ing. Therefore, the contribution of the 30 MHz voltage to

ionization may be disproportionately smaller. Second, the

higher 60 MHz power requires a larger voltage at 60 MHz,

which then adds more significant modulation to the sheath.

The phase setting of the 60 MHz voltage had a signifi-

cant effect on plasma uniformity. The electron density

at mid gap as a function of radius is shown in Fig. 13 for

D/60¼ 0� to 270� for D/30¼ 90� and 270�. The electron

density varies by 20% while changing D/60 with D/30

¼ 270�. The electron density varies by 35% for D/30¼ 90�.
The D/60 of the maximum density is also sensitive to D/30,

and generally aligns with when the 30 MHz and 60 MHz

voltages constructively interfere.

In order to verify that the EAE persists in TF-CCPs, we

investigated the influence of D/30 on dc bias for Ar at 10

mTorr. The 60 MHz power was constant at 150 W. The ratio

of voltages at 15 MHz and 30 MHz were V15/V30¼ 1, 2, and

3. The numerically and experimentally derived dc-biases are

shown in Fig. 14. When adding the 60 MHz power, the EAE

based on the voltages applied at 15 and 30 MHz (or 13.56

and 27.12 MHz in the experiment) still persists. However,

the degree of modulation of the dc bias when changing D/30

is not as great as in the absence of the 60 MHz power (see

Fig. 5)—a trend borne out in both the computed and experi-

mental results. [Note that there is an unknown phase offset

of the fundamental frequency in the experiment. So the ex-

perimental results (V13¼V27 and V13¼ 3V27) were shifted

90� for consistency, which then also align with the predic-

tions as a function of phase offset.]

The predictions have a good match with the experimen-

tal measurements, as shown in Fig. 14. The modulation in

the dc bias is greatest for V15¼ 3V30, and smallest for

V15¼V30. The magnitude of the dc bias increases as V15

increases. The modulation for V15¼V30 is symmetric

through the full cycle of D/30 offset and is asymmetric for

V15¼ 3V30. The reduction in the depth of modulation of the

dc-bias when adding the 60 MHz power is attributable to its

additional contributions to the rf current. The dc bias is

FIG. 13. Electron density at mid-gap from the center of the reactor to the edge

of the electrode with bottom bias: VBðtÞ ¼ 100V sinðx15tþ 180�Þ þ 100V
sinðx30tþ 180� þ D/30Þ and 150 W on the top electrode with voltage wave-

form V60 sinðx60tþ 180� þ D/60Þ where D/60¼ 0�, 90�, 180�, and 270�. (a)

D/30¼ 270� and (b) D/30¼ 90�. Note that the electron density is plotted over

a range of 1.0� 1011 to 3.2� 1011 cm�3.

FIG. 14. EAE for TF-CCPs in Ar at 10 mTorr shown by the dc self-bias

with D/30 varying from 0� to 330� for voltage ratios of V30/V15¼ 1, 2, and

3. Results from (a) simulation and (b) experiment. V30¼ 75 V in the simula-

tion and V27 in experiment has an average value of 59 V with a 15% varia-

tion. Both simulation and experiment find that larger V15 produces a more

negative dc self-bias.
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ultimately determined by the relative currents collected by

either side of the blocking capacitor. When adding the

60 MHz power, the fractional contribution to the current by

the first and second harmonic is less. The higher plasma den-

sity provided by the 60 MHz also reduces the dependence of

the sheath properties on the first and second harmonics. For

example, the sheath thickness has less dependence on D/30

because the plasma density is sustained by the 60 MHz

power somewhat independently of the power at the first and

second harmonics.

The measured and simulated IEDs for D/30 varied from

0� to 330� with 150 W of power at 60 MHz in a 10 mTorr Ar

plasma are shown in Figs. 15 and 16 for V15/V30¼ 1, 2, and 3.

The mean ion energy generally follows the modulation in the

dc bias as D/30 is varied. The ions respond most directly to the

oscillation of the sheath at the lowest frequency and so the

energy width of the IEDs increases in both the measured and

simulated IEDs with larger V15. From D/30¼ 30� to 180�,

when V15¼V30 the energy width of the IED reduces from

83 eV to 62 eV in the experiment and from 83 eV to 66 eV in

the simulation. A similar trend has been reported by Coumou

et al.32 for DF-CCPs. Since the voltages of the lower frequen-

cies are kept constant, the modulation in the energy width of

the IED comes from a change in the sheath thickness. The

plasma density and the portion of the cycle that is cathodic

varies with D/30. Higher plasma density (or a smaller fraction

of the cycle that is cathodic) results in a thinner sheath, a

shorter ion transit time across the sheath and a wider IED.

When V15/V30 increases, the variation in the sheath thickness is

less pronounced and so the width of the IED has less variation.

The mean ion energy generally follows the dc-bias as

D/30 is varied. However, the energy at the peak of the IED

has less variation with phase, best shown in the computed

and experimental results for V15¼V30. This means that the

energy of the peak of the IED changes its position from the

lower portion of the IED with small D/30 to the higher

FIG. 15. Experimentally measured IEDs with 60 MHz power for D/27

varied from 0� to 330� for Ar at 10 mTorr. The distributions are normalized

with respect to the maximum ion energy at each phase.

FIG. 16. Simulated IEDs with 60 MHz power for D/30 varied from 0� to

330� for Ar at 10 mTorr. The distributions are normalized with respect to the

maximum ion energy at each phase.
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portion of the IED for large D/30. This trend is less clear for

V15/V30¼ 2 and 3. Although the experimental IEDs show

this mode of modulation for all V15/V30, the simulation only

captures this modulation when V15¼V30. When the voltage

ratio increases, the energy of the peak of the IED stays on ei-

ther the low or high energy side of the IED. The mismatch

may come from the unknown phase setting of 60 MHz in the

experiment.

The measured and calculated IEDs of Ar at 20 mTorr

with 150 W at 60 MHz for D/30¼ 270� and 90� are shown in

Fig. 17. Since the phase shift of the 60 MHz voltage is

unknown in the experiment, we investigated the influence of

D/60 on the IEDs. With D/60 changing from 0 to 270� the

energy of the maximum of the IED changed by approxi-

mately half the width of the IED, while the energy widths of

the IEDs were modulated by about 15 eV. This modulation

in the energy width of the IED most likely resulted from the

variation in plasma density and so sheath thickness that

occurs when varying D/60.

The influence of the 60 MHz power and value of D/60

on IEDs were numerically studied as D/30 was varied

and the results are shown in Fig. 18. With a large 60 MHz

power and a large plasma density, IEDs broadened due to

the thinning of the sheath. The dc self-bias is still modulated

by D/30 consistent with the EAE. When the 60 MHz power

is large, its voltage amplitude is large enough to modulate

the sheath potential. As such, changing D/30 with large

60 MHz power produces significant modulation of the posi-

tions of the peak and shapes of IEDs. (Compare the IEDs

in Figs. 18(b) and 18(c)) However, for a constant 60 MHz

power, the value of D/60 does not significantly affect the

energy widths of the IEDs.

VI. CONCLUDING REMARKS

The consequences of the electrical asymmetry effect in

DF- and TF-CCPs have been discussed with results from

computational and experimental investigations. The experi-

mental reactor was geometrically asymmetric, which natu-

rally produced a large dc bias. The effect of the EAE on dc

bias was therefore investigated in the context of a geometri-

cally asymmetric reactor having this natural negative dc bias

as one might find in industry. The general trends of the EAE

FIG. 17. IEDs with minimum and maximum dc self-bias (D/30¼ 270� and

90�) for Ar at 20 mTorr with 150 W power at 60 MHz and V15¼V30

¼ 100 V. (a) Experiment with no phase lock on 60 MHz and unknown phase

offset from generator to electrode. Simulated IEDs with (b) D/60¼ 0� and

90�, (c) D/60¼ 180� and 270�. In the simulation, the phase offset is esti-

mated to be 180� for all frequencies.

FIG. 18. IEDs for Ar at 20 mTorr with a voltage on the bottom electrode of

VBðtÞ¼ 100V sinðx15tþ180�Þþ100V sinðx30tþ180� þD/30Þ and power on

the top electrode of P60 with voltage waveform V60 sinðx60tþ180� þD/60Þ.
Values are shown for D/30¼0�, 90�, 180�, and 270�. (a) P60¼50W,

D/60¼90�, (b) P60¼600W, D/60¼90�, and (c) P60¼600W, D/60¼0�.
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were also observed in this asymmetric system, however, the

dependence of dc bias and so ion energy distributions were

ultimately sensitive to the geometric asymmetry, rf voltage

amplitudes and phases, and the phase offsets. The EAE has a

first order effect on IEDs through not only the shift in the

mean ion energy by modulation in the dc bias, but also in the

shape of the IED, as represented by the energy of the peak of

the IED. These trends persist in the TF-CCP where addi-

tional ionization is provided by a high frequency power

source. Results from the model generally align with the

experiments. Mismatches between the model and experiment

may in part be explained by unknown phase offsets and

phase shifts at 60 MHz.

We found that the energy of the peak of the IEDs shifts

between low and high energy as D/30 varies from 0� to

330�. The modulation in plasma density with changes in

D/30 can modulate the sheath thickness and contribute to a

modulation of the energy width of IEDs at certain phases.

Although the consequences on plasma density with phase

shift and its correlation with harmonic currents warrants fur-

ther study, the computational and experimental results dis-

cussed here show that small changes of phase translate to

significant changes in plasma properties and may provide a

means for customizing the shape of IEDs. These trends based

on studies in argon also apply to multicomponent gas mix-

tures, through the trends are less clear due to the large varia-

tion in ion mass. Nevertheless, profile simulation of etching

in complex gas mixtures using IEDs modulated by the EAE

suggest that etch processes can be controlled through judi-

cious choice of phase offsets between harmonic voltages.
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