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Abstract

The discrete control of ion energy and flux is of increasing importance to industrially relevent

plasma sources. The ion energy distribution functions (IEDFs) and net ion flux incident upon

material surfaces in intermediate pressure (≈ 133 Pa, 1 Torr) radio-frequency capacitively cou-

pled plasmas (rf CCPs) are coupled to the spatio-temporal sheath dynamics and resulting phase-

averaged sheath potential. For single frequency driven discharges this co-dependence of ion energy

and flux on the sheath potential limits the range of accessible operating regimes. In this work, ex-

perimentally benchmarked 2D fluid/Monte-Carlo simulations are employed to demonstrate quasi-

independent control of the ion flux and IEDF incident upon plasma facing surfaces in a collisional

(≈ 200 Pa, 1.5 Torr argon) rf hollow cathode discharge driven by multi-harmonic (n ≥ 2) tailored

voltage waveforms. The application of variable phase offset n = 5 tailored voltage waveforms affords

a significant degree of control over the ion flux ΓAr+ and mean ion energy ǫ̂Ar+ , modulating each by
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factors of 2.9 and 1.6, respectively as compared to 1.8 and 1.6, achieved via n = 2 dual-frequency

voltage waveforms. The disparate modulations achieved employing n = 5 tailored voltage wave-

forms demonstrate a significant degree of independent control over the mean ion energy and ion

flux for collisional conditions, enabling access to a wider range of operational regimes. Maximising

the extent to which ion energy and flux may be independently controlled enables improvements

to plasma sources for technological applications such as plasma assisted material manufacture and

spacecraft propulsion.
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1 Introduction

Control of ion energy distribution functions (IEDFs) and particle fluxes incident upon plasma facing

surfaces is of fundamental interest for the development of radio-frequency capacitively coupled plasma

(rf-CCP) sources for industrial applications1–4. Typically, the IEDF incident upon substrate surfaces

plays a crucial role in the quality and homogeneity of etching and deposition processes, while the

rate of these processes are primarily mediated by the ion flux5–7. In low-pressure plasma processing,

control of the IEDF has traditionally been achieved through biasing the substrate, while the ion flux is

mediated through varying the amplitude and frequency of the applied voltage waveform8–11. However,

these two techniques cannot be considered in isolation, as a dc biased substrate also influences the

incident ion flux, and varying the applied voltage waveform modifies the ion energy distribution,

limiting the range of avaliable operating conditions12,13.

Enhanced control of ion dynamics in rf-CCPs at low pressure (/ 67 Pa, 0.5 Torr) has been achieved

through the application of multi-frequency ‘tailored’ voltage waveforms14–20. Tailored voltage wave-

forms comprise the superposition of two or more harmonics of a fundamental voltage frequency; by

adjusting the relative phase or amplitude between harmonics, it is possible to introduce amplitude and

slope asymmetries into the voltage waveform21–24. Commonly employed tailored waveforms include

‘sawtooth’ waveforms25,26, which exhibit a substantial slope asymmetry, and ‘peak’ or ‘valley’ wave-

forms27–30, which exhibit a substantial amplitude asymmetry, i.e. the maximum positive and negative

applied voltages within one period of the fundamental applied frequency are not equal. These asymme-

tries directly influence the powered and grounded electrode sheath dynamics, leading to the formation

of an electrical asymmetry effect (EAE). The EAE has been shown to modify existing physical25,30–32,

electron reflection33 and secondary electron emission asymmetries34,35 present within the source.

The use of tailored voltage waveforms in low-pressure (/ 67 Pa, 0.5 Torr) planar rf-CCP sources

is already well established21,36–42, where application of the EAE has enabled enhanced control of

the ion energy while maintaining near-constant ion flux through a modulation of the dc self-bias

voltage15,17,28,43. Recently, work has begun to focus application in intermediate pressure discharges

(≈ 133 Pa, 1 Torr)24,44,45, atmospheric pressure discharges26,46–50, and non-planar geometries32,41,51.

One such non-planar geometry involves the use of a powered hollow cathode (HC) through which gas is

passed, the applications of which range from scalable arrays for homogeneous surface modification5,52

to micro-discharge sources for spacecraft propulsion53–55. The physically asymmetric geometry in-

herent to HC sources ensures that a substantial negative dc self-bias voltage forms adjacent to the

powered electrode, required to balance the net positive and negative fluxes out of the plasma3,18,23.

As such, variation of the dc self-bias voltage in a HC source cannot typically be achieved without a
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corresponding change in ion flux51. Similar behavior in the ion flux is observed when transitioning

from low pressure discharges to intermediate pressure discharges26,32.

In this work, we present experimentally validated 2D fluid-kinetic simulations of an intermediate

pressure rf-CCP HC microdischarge source56–59 employing dual-frequency and multi-harmonic tailored

voltage waveforms to achieve discrete control of ion energy and flux. Descriptions of the experimental

setup and numerical model are given in sections 2.3 and 2.2, respectively, and an overview of the

tailored voltage waveforms employed are presented in section 2.1. Prior to assessing the effects of each

type of tailored voltage waveform on the ion dynamics, an experimental comparison is first performed

in section 3 to benchmark the numerical approach. Following this, the degree of control afforded over

the ionisation mechanisms, sheath dynamics, and resulting ion densities and fluxes are presented in

section 4. Finally, the degree of control afforded over the ion energy distribution functions (IEDFs) is

examined in section 5, and the prospect of quasi-independent control over the ion flux and ion energy

is demonstrated in 5.1.

2 Experimental and Numerical Methodologies

2.1 Tailored Voltage Waveforms

The tailored voltage waveforms employed in this investigation comprise n = 2 dual-frequency voltage

waveforms and n = 5, tailored voltage waveforms19, where n denotes the number of harmonic compo-

nents. Both types of voltage waveforms are constructed exclusively from harmonics of a 13.56 MHz

fundamental frequency, as described by equation 1.

φrf(t) =
n
∑

k=1

φksin(kω0t + θk) (1)

Here, φrf(t) is the time dependent voltage of the combined waveform, φk is the amplitude of the

k’th harmonic component, ω0 = 2πf0 is the fundamental angular frequency, θk is the phase offset

of harmonic k and n is the total number of applied harmonics. The amplitude of each harmonic

component φk is determined in one of two ways; either by sharing the amplitude equally across all

harmonics, via equation 2, which is employed to produce both ‘traditional’ n = 5 tailored voltage

waveforms and n = 2 dual-frequency voltage waveforms14.

φk =
φ0

n
(2)

Or by linearly reducing the amplitude contribution of the higher harmonic components, via equa-
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tion 3 (adapted from Ref. 15), producing ‘optimised’ n = 5 tailored voltage waveforms, which minimize

the voltage amplitude oscillation between successive peaks.

φk = φ0
n− k + 1

(1 + n)2
(3)

Optimised n = 5 tailored voltage waveforms are utilized to match experimental conditions in

section 3. All other results presented in sections 4 and 5 employ voltage waveforms with harmonic

component amplitudes as calculated by equation 2, enabling a more direct comparison between the

n = 2 dual-frequency and n = 5 tailored voltage waveform shapes. When considering such n = 2,

k = 1, 2 dual-frequency voltage waveforms, equation 1 simplifies to:

φrf(t) =
φ0

2
sin(kω0t + θ1) +

φ0

2
sin(2kω0t + θ2) (4)

Note that for dual-frequency voltage waveforms, only the upper harmonic phase offset is varied

such that θ1 = 0◦ and θ2 = θ in equation 4. This distinction has the effect of reversing the

‘parity’, of the dual-frequency waveforms relative to the tailored voltage waveforms, see figure 1 (c),

but has no effect on the amplitudes. The n = 5 tailored waveforms generated from equation 1 employ

a homogeneous phase offset for all harmonic phase-offsets such that θ = θn ∀ n. Tailored waveforms

exhibiting the largest amplitude asymmetries are obtained for θ = 90◦, henceforth denoted as a

‘peak’ waveform29, and θ = 270◦, denoted as a ‘valley’ waveform28. Phase offsets between these two

extrema produce intermediate tailored voltage waveforms, with shapes smoothly varying between the

peak and valley waveforms.

Examples of n = 2, k = 1, 2 dual-frequency and n = 5, tailored voltage waveforms generated

employing equations 1 and 4 are shown in figures 1 (a) and (b), respectively.
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(a)Dual-Frequency (n=2)
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(b)Tailored Waveforms (n=5)
θ=90◦ θ=270◦
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Figure 1: Normalised (a) n = 2 dual-frequency and (b) n = 5 tailored voltage waveforms employing phase
offsets of θ = 90◦ and θ = 270◦, and (c) the resulting voltage amplitude asymmetries (φ+

rf − φ−

rf) for both
waveforms with respect to phase offsets in the range 0◦ ≤ θ ≤ 360◦. Waveform harmonic components are
computed employing equation 2. Sinusoidal waveforms employing the fundamental frequency (13.56 MHz) are
presented in (a) and (b) by the dotted lines for comparison.

Examining the dual-frequency waveforms in figure 1 (a), it can be seen that varying the upper har-

monic phase offset θ alters the maximum positive φ+
rf and minimum negative φ−

rf waveform amplitudes,

while maintaining a net zero time-averaged voltage. For the two dual-frequency voltage waveforms

presented, the maximum positive normalised amplitude varies from φ+
rf = 0.5 to φ+

rf = 1.0 for

θ = 90◦ and θ = 270◦, respectively and visa-versa with respect to the minimum negative amplitude.

This effect is more pronounced for the n = 5 tailored voltage waveforms, shown in figure 1 (b), where

peak (θ = 90◦) and valley (θ = 270◦) waveforms exhibit exhibit normalised amplitude ranges
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of φ+
rf , φ−

rf = +1.0, -0.25, to φ+
rf , φ−

rf = +0.25, -1.0, respectively. In describing this behaviour, it is

useful to define the voltage amplitude asymmetry (φ+
rf − φ−

rf) as the maximum difference between the

positive and negative amplitude within a single rf cycle.

The voltage amplitude asymmetries for n = 2 and n = 5 tailored voltage waveforms employing

phase offsets in the range 0◦ ≤ θ ≤ 360◦, are shown in figure 1 (c). The greatest degree of

modulation is achieved for n = 5 tailored voltage waveforms, achieving a maximum 65% modulation

within a single rf phase cycle, as compared to only a maximum of only 44% for dual-frequency voltage

waveforms. Further, n = 5 tailored voltage waveforms exhibit a steeper change in voltage amplitude

asymmetry around θ = 180◦, while dual-frequency voltage waveforms exhibit a near-linear modulation

between their maximum and minimum values. Note also the reversal in parity between the n = 2

dual-frequency waveforms and the n = 5 tailored waveforms, as discussed with respect to equation 4.

The ‘magnitude’ of the EAE applied to the plasma varies in proportion to the voltage amplitude

asymmetry and to the plasma response to the applied rf voltage waveform. The magnitude of the

EAE is typically quantified through the symmetry parameter22 ǫs, computed as shown in equation 5.

ǫs =
n̂Sp

n̂Sg

(

QSg

QSp

)2(Ap

Ag

)2 ISg
ISp

=

∣

∣

∣

∣

φSg

φSp

∣

∣

∣

∣

(5)

Here, n̂Sp, n̂Sg are the sheath averaged ion densities, QSg, QSp are the maximum electrode surface

charges, Ap, Ag represent electrode surface areas and φSg, φSp are the maximum voltage drops across

each respective sheath, where subscripts p and g denote the powered and grounded electrodes, respec-

tively. It is perhaps useful to note here that as the HC geometry exhibits an axially aligned geometric

asymmetry (i.e. varying along the source axis), the interpretation of these variables depends upon

the choice of axial location. The parameters ISp and ISg, denoted the sheath integrals, represent the

distribution of charge within each sheath and are defined as:

ISx = 2

∫ 1

0

ni(R)

n̂Sx
ξ dξ where ξ =

R

Sx
(6)

where Sx is the maximum sheath extension from the x’th plasma facing surface. The dc self-

bias voltage ηdc resulting from an EAE of magnitude ǫs can then be readily calculated through an

application of Kirchhoff’s law60. If the change in voltage across the plasma bulk is small relative to

the sheath potential3, as is the case in this work where ∆φfp/∆φS ≤ 10%, one can obtain an expression

for the dc self-bias voltage as shown in equation 7:

ηdc = −
φ+
rf + ǫsφ

−

rf

1 + ǫs
(7)
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Here, φ+
rf and φ−

rf are the extrema in the applied tailored voltage waveform amplitudes with a

single rf period, as before. The dc self-bias voltage is set negative, such is the case of a typical hollow

cathode source where the grounded electrode area exceeds the powered electrode area3. Notably, the

degree of control afforded over the dc self-bias voltage relies upon two factors: 1) the extent to which

the positive and negative voltage waveform amplitudes can be modulated, analytically computed in

figure 1; and 2) the extent to which the phase-resolved sheath potentials can be modulated via ǫs,

requiring a consideration of the plasma response to the applied voltage waveforms and necessitating

a numerical approach.

2.2 Description of the Simulation Model

Two-dimensional fluid-kinetic simulations were undertaken using the Hybrid Plasma Equipment Model

(HPEM)61 to examine the phase-resolved sheath and phase-averaged ion dynamics. A full description

of the mesh and numerical methods applied can be found in Ref. 59, a summary is provided here.

The simulated region is shown in figure 2 by the shaded grey area. The simulation mesh consisted of

a rectilinear grid of 64 × 152 (R × Z) cells in a cylindrically symmetric geometry, corresponding to

a radial resolution of 0.125 mm per cell and an axial resolution of 0.5 mm per cell. A higher radial

resolution was employed to adequately resolve the sheath dynamics, and associated ion behaviour,

perpendicular to the alumina surface adjacent to the powered electrode. The sheath extension is

calculated as in Ref. 51, where the radial sheath edge SR is determined as the radius R that satisfies

the Brinkmann criterion62.

The model employs a fluid treatment of background, thermalised, species and a kinetic treatment

of non-thermal species. The energy distribution functions of all heavy particle species are assumed

to be Maxwellian, while the distribution function of fluid electrons are determined by a two-term

approximation of the Boltzmann equation. The species considered within the fluid model are: Ar,

Ar(4s), Ar(4p), Ar(4d), Ar∗2, Ar
+, Ar+2 and e−, where the reaction mechanism is as discussed in Ref.

63. Gas-phase electron-neutral and electron-ion collisions include elastic, excitation and ionisation

reactions as presented in Ref. 63. Cascade processes, multi-step ionisation and heavy particle mixing

between excited species are also included, the interaction rate coefficients for which are obtained

from Refs. 64–68. Ion-neutral charge exchange collisions are employed with a rate coefficient of

5.66 × 10−10 cm−3 s−1 (Tg/300)
0.5 where Tg is the neutral-gas temperature69.

Secondary electron emission is accounted for through an energy-independent model, where sec-

ondary electron flux is proportional to the incident ion flux and secondary electron emission coeffi-

cient. This coefficient is set to γ = 0.2 for the alumina wall, and γ = 0.0 for all other surfaces70. The
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behaviour of secondary electrons released from the alumina surface following ion bombardment and

ion energy distributions for Ar+ incident on the radial wall at R,Z = 2.1, 21 mm are obtained via

a kinetic Monte-Carlo algorithm employing the same reaction mechanism as used in the gas phase61.

The effects of secondary electrons are updated at each simulation iteration, while Ar+ ion energy dis-

tribution functions are obtained using a Monte-Carlo algorithm only on the final iteration, following

simulation convergence.

2.3 Description of the Experimental Setup

The rf-CCP HC microdischarge source, shown in figure 2, employs a copper annular powered electrode

positioned around an 18 mm long alumina tube through which gas is passed56. The source is mounted

to, and electrically isolated from, an expansion chamber by a 300 mm long Pyrex glass tube. A

base pressure of 1.33 Pa (0.01 Torr) is achieved via a scroll pump (not shown) in combination with a

pressure gauge mounted to the plenum. Argon gas, at a flow rate of 100 sccm (1.786 mg min−1), is

introduced through the plenum at the upstream side of the source, resulting in an upstream pressure

of between 186 - 226 Pa (1.4 - 1.7 Torr), via variable neutral gas heating within the source, and a

downstream expansion chamber pressure of 113 Pa (0.85 Torr). A Pyrex glass window located at the

upstream end of the plenum enables optical access along the axial length of the source.
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Figure 2: Schematic of the experimental setup (not to scale), where the simulated region is denoted by the
shaded gray area. The imaging plane of the ICCD camera is centered on the midplane of the powered electrode,
denoted by the dashed line (Z = 21 mm). Simulated IEDFs are obtained from Ar+ ions incident on the
radial wall at R,Z = 2.1, 21 mm as denoted by the solid blue arrow. The electrical circuit and tailored voltage
feedback mechanism is shown in more detail in figure 3. Figure adapted from Ref. 59.
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Power is supplied via an arbitrary waveform generator (Keysight 33621A, 120 MHz) and broadband

amplifier (Prana GN500D, 0.01 - 220 MHz) connected in series with the powered electrode (see figure

3, no separate matching network is employed within this work, with reflected power being dissipated

within the amplifier. As the grounded electrode area in contact with the plasma exceeds the powered

electrode area, a dc self-bias voltage forms on the surface of the alumina wall adjacent to the powered

electrode to maintain current continuity3,71. Argon ions are accelerated through the dc self-bias

enhanced sheath potential and undergo ion-neutral charge exchange collisions, resulting in significant

neutral gas heating localised within the powered electrode sheath57,72,73 where maximum on-axis

neutral gas temperatures typically vary between 600 − 1100 K13,59. Secondary electrons, released

through positive ion bombardment, are accelerated back into the plasma bulk at high, non-thermal

energies (above 50 eV), representing an efficient additional ionisation mechanism74,75.

The applied voltage waveforms are maintained and measured employing a SOLAYL SAS Vigilant

Power Monitor (VPM), placed in series with the source via a 50 Ω coaxial cable and a vacuum

feedthrough, in conjunction with a feedback-control loop shown in figure 3.

Figure 3: Schematic of the tailored voltage waveform feedback mechanism, sections employing the SOLAYL
SAS Vigilant Power Monitor or associated software are highlighted in red.

The desired tailored voltage waveform shape are first specified manually within the VPM through

selecting the appropriate harmonic amplitudes φ(k) and phase offsets θ(k), the mathematics of which

are as discussed previously in section 2.1. The corresponding harmonic components are superimposed

within the arbitrary waveform generator, creating a tailored seed waveform φrfSeed, where typically

φrfSeed ≤ 1 V, which is then amplified by a factor A prior to being coupled to the powered electrode.

Deformations arising during amplification and from impedance mismatches are reduced through the

VPM actively modifying the input φ(k) and θ(k) to the arbitrary waveform generator such that the

measured φ(k) and θ(k) converge towards the desired waveform shape. This feedback mechanism

enables the generation of tailored voltage waveforms within ≈ 5% of the target amplitude and tem-
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poral shape. During measurements the feedback system was disabled to ensure a non-varying voltage

waveform shape.

Phase-resolved optical emission spectroscopy (PROES)76,77 was performed to enable a compar-

ison of the measured and simulated electron excitation rates, and hence also the phase-resolved

sheath dynamics. Previous work has demonstrated agreement between the measured and simulated

phase-resolved, Ar(2p1) electron impact excitation rates in this source for single frequencies up to

40.68 MHz13,59 and for dual-frequency operation51. Images were acquired with an ICCD camera (An-

dor iStar DH344T-18U-73, 1024 × 1024 array, pixel size: 13 × 13 µm2) employing an optical gate

width of 1.7 ns and a 750.466 nm bandpass filter (LOT-QuantumDesign, 1 nm FWHM). A depth of

field of 24 mm, corresponding to the axial length of the source region, was applied to the simulated

PROES images through a top hat integration along the line of sight78.

3 Electron Dynamics: Measurements and Simulations

Agreement between measured and simulated phase-resolved Ar(2p1) excitation structures in this source

has previously been achieved for varying single frequency operation in Ref. 13 and both odd-even

(k = 1, 2) and odd-odd (k = 1, 3) dual-frequency n = 2 waveforms in Ref. 51. This section extends

this agreement to n = 5 tailored voltage waveforms through a similar spatio-temporal excitation

structure analysis.

Figure 4 shows the measured and simulated phase-resolved Ar(2p1) excitation rates for varying

applied voltage waveform shape for a φ0 = 240 V, ≈ 200 Pa (1.5 Torr) argon discharge. Measured

Ar(2p1) excitation rates for operation employing a single 13.56 MHz sinosoidal waveform, an optimised

n = 5, θ = 90◦ peak waveform and an optimised n = 5, θ = 270◦ valley waveform are shown in figures

4 (a-c), respectively, while the associated simulated excitation rates are shown in figures 4 (d-f). The

measured and simulated phase-resolved electrode potentials φrf and simulated dielectric potentials

φdc are shown in figures 4 (g-i), where the phase-averaged dc self-bias voltages ηdc, equivalent to

equation 7, are denoted by the dashed red lines. Both peak and valley waveforms employ harmonic

components as computed by equation 3, i.e. the so-called optimised peak and valley waveforms.
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Figure 4: Phase resolved Ar(2p1) excitation rates for single-frequency sinusoidal and n = 5 optimised peak and
valley tailored voltage waveforms, where harmonic components are computed employing equation 3. Experimen-
tal measurements are shown in panels (a)-(c), simulations in (d)-(e) and the corresponding applied voltage and
dielectric surface potential waveforms in (g)-(i), respectively. In (g)-(i), measured and simulated applied voltage
waveforms are denoted by dashed and solid, respectively, and the simulated time-averaged applied voltage and
dielectric surface potentials are shown by the dash-dotted lines. Labels A and B correspond to excitation during
periods of sheath collapse and sheath expansion, respectively. Operating conditions, 100 sccm argon, plenum
pressure ≈ 200 Pa (1.5 Torr), applied voltage φ0 = 240 V, fundamental frequency of f0 = 13.56 MHz.

As a baseline comparison, the measured and simulated axially-integrated Ar(2p1) excitation rates

and corresponding voltage waveforms for a φ0 = 240 V, 13.56 MHz discharge are shown in figures 4 (a),

(d) and (g), respectively, exhibiting close agreement. For both measurement and simulation, excitation

is predominately observed during phases of sheath collapse (peak A) and sheath expansion (peak B).

These two excitation rate maxima arising from heating of the electron population through interactions

with the radially expanding and contracting sheath (typically called α-mode heating in planar CCPs).

Electron heating during the phase of sheath collapse (peak A) is particularly pronounced due to the

inherent physical asymmetry within the HC geometry, necessitating an enhanced electron flux during

this phase to maintain charge balance, agreeing with behaviour observed in Ref. 59. Finally, there

also exists a time-averaged component to the excitation rate, arising from secondary electrons released

following ion bombardment of the alumina surface, indicating a degree of γ-mode heating.

Close agreement is also observed between the measured and simulated excitation structures for

the optimised n = 5 tailored voltage waveforms, as shown in figures 4 (b) and (c) for peak (θ = 90◦)
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waveforms and figures 4 (e) and (f), for valley (θ = 270◦) waveforms, respectively. The excitation

arising from the peak waveform in figure 4 (b), is predominately observed during the phase of sheath

expansion (peak B), and to a lesser extent, the phase of sheath collapse (peak A). Notably, these

excitation structures are temporally narrower and closer in phase than the single frequency case,

figure 3 (a), and this arises from the reduced temporal separation between periods of significant

changes in applied voltage. When comparing the measured and simulated ‘peak’ waveform excitation

structures in figures 4 (b) and (e), it is apparent that sheath collapse heating (peak A) is overestimated

in simulation as compared to experiment. This likely arises from an underestimation of the plasma

density, leading to an exaggerated electron velocity, and hence flux, during the phase of sheath collapse

as required to maintain charge continuity51.

A closer agreement is observed between the measured and simulated valley waveform excitation

structures, shown in figures 4 (c) and (f), respectively. Here, electron heating via sheath collapse (peak

A) and sheath expansion (peak B) are similar in both simulation and experiment. The measured and

simulated voltage waveforms also exhibit a closer agreement in figure 4 (h). Of note is the significant

modulation of the dc self-bias voltage between the n = 5 peak and valley waveforms, varying by 85%

between −213 ≤ ηdc ≤ − 32 V, respectively, shown in figures 4 (h) and (i). This modulation

exceeds the analytically obtained 65% modulation in the voltage amplitude asymmetries, discussed

with reference to figure 1 (c). The additional control arises partially from the optimization of the

peak and valley waveforms shapes and partially via the plasma response to changes in the powered

and grounded sheath potentials, via ǫs in equation 7, which varies in proportion to the ion densities

adjacent to the powered and grounded electrodes. Therefore, control of the dc self-bias voltage is

intrinsically linked to not only the voltage amplitude asymmetry, but also to second order effects

arising from changes to the ionisation mechanisms adjacent to plasma facing surfaces.

4 Control of Ionisation Mechanisms, Sheath Dynamics and Ion Flux

Figure 5 shows the dc self-bias voltage, secondary electron ionisation rate ιγ and radial Ar+ ion flux

ΓAr+ adjacent to the powered electrode for tailored voltage waveforms employing phase offsets in the

range 0◦ ≤ θ ≤ 360◦, where waveform harmonic components are computed employing equation

2. The degree to which the dc self-bias voltage is modulated for φ0 = 450 V, n = 2 dual-frequency

and n = 5 tailored voltage waveforms is shown in figure 5 (a). The associated variations in the

maximum secondary ionisation rate and radial Ar+ flux, adjacent to and incident upon the alumina

wall covering the powered electrode at Z = 21 mm, see figure 2, are shown in figures 5 (b) and (c),

respectively. Phase offsets corresponding to the waveforms previously presented in figures 1 (a) and
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(b) are highlighted in blue. Note that, since the peak-to-peak voltage of the waveform varies with the

phase offset, the dc self-bias voltages in figure 5 (a) are normalised to the actual peak-to-peak voltage

Vpp of each individual waveform.
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Figure 5: Phase-averaged (a) dc self-bias voltage ηdc, (b) secondary electron ionisation rates ιγ and (c) radial
Ar+ fluxes ΓAr+ for unoptimised n = 2, k = 1, 2 dual-frequency and n = 5 tailored voltage waveforms employing
phase offsets in the range 0◦ ≤ θ ≤ 360◦, where waveform harmonic components are computed employing
equation 2. The dc self-bias voltages in (a) are normalised to their respective peak-to-peak waveform voltage Vpp

where Vpp ≤ 2φ0. Phase offsets that result in the most positive and negative dc self-bias voltages are denoted
by a cyan outline. Operating conditions: 100 sccm argon, plenum pressure ≈ 200 Pa (1.5 Torr), φ0 = 450 V,
fundamental frequency of f0 = 13.56 MHz.

Modulation of the dc self-bias voltages in 5 (a) is greatest for the n = 5 tailored waveforms, where

∆ηdc = 0.19, as compared to n = 2, k = 1, 2 dual-frequency waveforms, where ∆ηdc = 0.16,

representing a 20% increase in control afforded by the n = 5 waveforms. While the tailored voltage

waveforms exhibit the largest modulation in dc self-bias voltage, it is the dual-frequency waveforms

that achieve the most negative dc self-bias voltages. Indeed, dual-frequency waveforms employing

phase offsets between 240◦ ≤ θ ≤ 300◦ achieve more negative dc self-bias voltages than the single

frequency 13.56 MHz reference case, while the n = 5 tailored voltage waveforms always remain more

positive than the reference discharge. At this point it should be noted that n = 2 and n = 5 multi-

harmonic tailored waveforms exhibit varying degrees of destructive interference between successive
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harmonics, leading to an average peak-to-peak voltage of Vpp = 760 V for the n = 2 voltage waveforms,

a slightly lower average peak-to-peak voltage of Vpp = 674 V for the n = 5 voltage waveforms, while

the single frequency comparison maintains a peak-to-peak voltage of Vpp = 2φ0 = 900 V. Despite the

increased destructive interference and lower peak-to-peak voltages inherent to higher n discharges, the

n = 5 tailored voltage waveforms still deposit the highest average power from 2.0 ≤ Prf ≤ 7.2 W

(4.7 W average) as compared to 1.7 ≤ Prf ≤ 4.6 W (3.4 W average) for the n = 2 dual-frequency

waveforms over the phase offset range 0◦ ≤ θ ≤ 360◦. As a result, the n = 5 tailored voltage

waveforms exhibited higher plasma densities adjacent to the powered electrode, between 1.5 × 1018

to 3.9 × 1018 [m−3] (a factor of 2.5), as compared to the dual-frequency discharges where plasma

densities adjacent to the powered electrode varied between 0.8 × 1018 to 1.4 × 1018 [m−3] (a factor

of 1.7).

The higher absolute plasma densities for the n = 5 discharges result in higher absolute radial

Ar+ ion fluxes incident upon, and hence higher secondary electron ionisation rates adjacent to, the

alumina surface covering the powered electrode, shown in figures 5 (b) and (c), respectively. Notably

however, despite more positive dc self-bias voltages, the n = 5 tailored voltage waveforms still exhibit

a significant modulation in these parameters, where the secondary ionisation rate and radial Ar+

ion flux vary by factors of 5.9 and 2.9, respectively, as compared to factors of only 1.9 and 1.8 for

n = 2, k = 1, 2 dual-frequency waveforms. Typically, such modulations in the radial Ar+ ion flux are

directly influenced by the dc self-bias voltage as required to maintain quasi-neutrality, where more

negative dc self-bias voltages enforce higher positive ion fluxes3. However, the radial Ar+ ion flux is

also indirectly influenced via the phase-resolved sheath potential (discussed with reference to figure 6

(b)) through modifying the number and energy distribution of secondary electrons that are accelerated

from the alumina surface following ion bombardment13. For the HC discharges employed in this work,

ionisations arising from secondary electron interactions typically represent between 50 − 80 % of the

total ionisation rate, being greatest for phase offsets resulting in the most negative dc self-bias voltages.

As a result, tailored voltage waveform shapes which increase the secondary electron ionisation adjacent

to the powered electrode sheath will lead to higher ion densities and higher Ar+ ion fluxes, resulting

in a non-linear relationship between these two parameters, as distinct from the dc self-bias voltage

modulation. This non-linearity is observed for the n = 5 tailored voltage waveforms by the wider

disparity between the modulation in secondary ionisation rate and radial flux as compared to the

n = 2, k = 1, 2 dual-frequency waveforms, despite their overall more positive dc self-bias voltages.

This indicates a degree of decoupling between the behavior of the ion flux incident upon the alumina

wall and the dc self-bias voltage.
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This behavior differs from that typically observed in tailored waveform driven, low pressure pla-

nar discharges in argon, where the ion flux typically remains relatively constant with applied upper

harmonic phase offset15,17,43,75,79, but is consistent with previous work in intermediate pressure non-

planar geometries51, where secondary ionisation is an important ionisation mechanism. As mentioned

previously with respect to equation 7, the mediator of this behavior is dictated by the degree to which

the plasma response (via ǫs) and phase-resolved sheath dynamics adjacent to the radial wall influence

the radial Ar+ ion flux.

Figure 6 shows the phase-resolved sheath dynamics, specifically the sheath extents SR(τ) and

sheath potentials φR(τ), adjacent to the powered electrode for n = 2, k = 1, 2 dual-frequency and

n = 5 tailored voltage waveforms. Figures 6 (a) and (b) show the applied n = 5 peak (θ = 90◦), valley

(θ = 270◦) and n = 2, k = 1, 2 dual-frequency voltage waveforms resulting in the most positive and

negative dc self-bias voltages as previously shown in figure 5 (a). The associated phase-resolved radial

sheath extents and sheath potentials are presented for the peak and valley waveforms in figures 6 (c),

and (e), and for the dual-frequency waveforms in figures 6 (d), and (f), respectively. All waveforms

in figure 6 employ harmonic components as computed employing equation 2. The sheath extents in

figures (c) and (d) were obtained via the Brinkmann criterion62 and smoothed employing a Savitzky-

Golay filter. The horizontal dashed lines in figures (c-f) denote the phase-averaged values of their

respective parameters for clarity.
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Figure 6: Phase-resolved (a),(b) electrode voltage waveforms φrf , (c),(d), radial sheath extents SR(τ) and
(e),(f) sheath potentials φR(τ) for unoptimised n = 2, dual-frequency and n = 5 tailored voltage waveforms,
respectively, where waveform harmonic components are computed employing equation 2. Waveforms employing
phase offsets of θ = 90◦ and θ = 270◦ represent the extrema in dc self-bias voltages as previously shown in
figure 5 (a). Sheath extents and potentials presented in panels (c),(d), and (e),(f) are obtained adjacent to the
radial wall at the axial mid-point of the powered electrode at Z = 21 mm. Waveforms are presented between rf
phases 0.0 ≤ τ ≤ 1.5 for clarity. Operating conditions: 100 sccm argon, plenum pressure ≈ 200 Pa (1.5 Torr),
φ0 = 450 V, fundamental frequency of f0 = 13.56 MHz.

The powered electrode voltage waveforms in figures 6 (a) and (b) are as previously presented in

figures 1 (a) and (b), shown between rf phases 0.0 ≤ τ ≤ 1.5 for clarity, and represent the discharges

achieving the most negative (θ = 90◦) and positive (θ = 270◦) dc self-bias voltages, respectively. Both

the n = 5 peak and valley voltage waveforms exhibit a relatively low amplitude for the majority of

the rf phase cycle, exhibiting a single positive or negative voltage spike between 0.9 ≤ τ ≤ 1.1. In

comparison, the dual-frequency voltage waveforms possess a smoothly varying voltage throughout the

rf cycle, exhibiting a single relatively-wide change in amplitude at either τ = 0.75 or τ = 1.25, for

phase offsets of θ = 90◦ or θ = 270◦, respectively.

The radial sheath extents in figures 6 (c) and (d) exhibit a significant variation for operation

employing n = 5 tailored voltage waveforms, being modulated by a factor of 8.66, from 0.03 mm to

0.29 mm, for valley (θ = 270◦) and peak (θ = 90◦) waveforms, respectively. By comparison, n = 2

dual-frequency waveforms achieve sheath extent modulations by a factor of only 1.56, from 0.44 mm
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to 0.58 mm, for θ = 90◦ and θ = 270◦, respectively. This disparity arises due to the varying amplitude

asymmetry of the applied voltage waveforms, specifically the temporal extent of the maximum and

minimum voltage amplitudes within each waveform. Higher harmonic n = 5 tailored waveforms exhibit

significantly temporally narrower extrema in voltage amplitude, see figure 6 (a), enabling operation

in regimes where the powered electrode sheath is either expanded or collapsed for ≈ 90% of the rf

phase cycle. In addition, the higher Ar+ ion densities afforded via the enhanced secondary electron

ionisation rate leads to generally reduced sheath extents for the n = 5 tailored voltage waveforms.

Such enhanced control of the sheath extent is of particular interest in intermediate and high pressure

plasmas, where ion-ion and ion-neutral collisions in the sheath represent a significant ion energy loss

mechanism.

In addition to enhanced control of the phase-averaged sheath extent, n = 5 tailored voltage wave-

forms also exhibit a significant modulation of the sheath potential, shown in figure 6 (e), where the

average sheath potential φS varies by a factor of 2.3 between 93 V to 207 V from θ = 270◦ to θ = 90◦.

This level of control is not matched by the dual-frequency voltage waveforms where the sheath poten-

tial varies more smoothly in figure 6 (f), resulting in a reduced modulation fraction of 1.6, between

194 V to 303 V over the same phase offset range. The sheath potentials for n = 5 tailored waveforms

being lower on average than the n = 2, k = 1, 2 dual-frequency waveforms due to the generally more

positive dc self-bias voltages, shown previously in figure 5 (a). Notably, in both cases the variation

in sheath potential is significantly larger than the variation in the plasma potential φp, with n = 5

tailored waveforms varying φp by only 20 % between 42 V to 51 V and n = 2 dual-frequency waveforms

varying φp by 14 % from 50 V to 58 V. The plasma potential is maintained relatively constant due

primarily to the inverse relationship between the dc self-bias voltage and the on-axis plasma density.

Phase offsets resulting in the most negative dc self-bias voltages, which would typically reduce the

plasma potential, also result in the highest plasma densities, increasing the plasma potential, resulting

in a stabilising effect41. The opposite is true of phase offsets which result in positive dc self-bias volt-

ages. This indicates that both types of waveforms primarily influence the sheath potential through

modifying the dielectric surface voltage (dc self-bias voltage), which itself varies in proportion to the

applied voltage φrf (t) and hence inherits the voltage amplitude asymmetry of the supplied rf voltage

waveform, shown previously in figure 1 (c). Therefore, any variation in the phase-averaged sheath

potential is primarily influenced by the maximum voltage drop across sheath each via equation 5, and

the voltage waveform amplitude asymmetry via equation 7.
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5 Control of Ion Energy Distribution Functions

Figures 7 (a) and (b) show the Ar+ IEDFs incident on the radial wall adjacent to the powered

electrode (R,Z = 2.1 , 21 mm) for n = 2, k = 1, 2 dual-frequency and n = 5 tailored voltage

waveforms, respectively, employing phase offsets in the range 0◦ ≤ θ ≤ 360◦ on the vertical-axis,

where waveform harmonic components are computed employing equation 2. IEDFs are integrated

for angles of incidence up to 45◦ symmetrically about the normal, and are normalised such that the

integral over all energies ǫ is equal to unity. The mean ǫ̂ and modal ǭ Ar+ ion energies for each phase

offset are denoted by the dashed black and white lines, respectively, and phase offsets corresponding

to the most positive and negative dc self-bias voltages are denoted by the horizontal red and blue

dashed lines, respectively.
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Figure 7: IEDF at the radial wall adjacent to the powered electrode (R,Z = 2.1 mm, 21 mm) for (a) unoptimised
n = 2, k = 1, 2 dual-frequency and (b) n = 5 tailored voltage waveforms employing phase offsets in the range
0◦ ≤ θ ≤ 360◦, where waveform harmonic components are computed employing equation 2. The mean ǫ̂Ar+

and modal ǭAr+ Ar+ ion energies for each phase offset are denoted by the black circles and white triangles,
respectively, where connecting lines are added to guide the eye. Phase offsets that correspond to the most
positive and negative dc self-bias voltages are denoted by dashed red and blue lines, respectively. Operating
conditions: 100 sccm argon, plenum pressure ≈ 200 Pa (1.5 Torr), φ0 = 450 V, fundamental frequency of
f0 = 13.56 MHz.

Variation in the IEDF incident upon the alumina surface is observed for operation employing both

n = 2, k = 1, 2 dual-frequency and n = 5 tailored voltage waveforms, shown in figures 7 (a) and (b).

All dual-frequency IEDFs exhibit shapes consistent with a collisionally dominated sheath (λmfp ≤ SR)

as would be expected given the relatively wide phase averaged sheath extents, shown previously in

figure 6 (d). An elongated tail of fast ions (up to 500 eV) were observed for all n = 2 discharges,
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arising during the phases of most negative applied voltage, where the sheath potential can exceed

500 V, see figure 6 (f). Dual-frequency voltage waveforms exhibit a moderate degree of control over

the shape of the IEDF, modulating the mean ion energy by 35 eV between 55.0 ≤ ǫ̂Ar+ ≤ 90.0 eV

and the modal ion energy by 7 eV between 4.5 ≤ ǭAr+ ≤ 11.5 eV. Maximum mean and modal ion

energies are observed for θ = 270◦, corresponding to the most negative dc self-bias in figure 5 (a), as

would be expected from equation 8. It is also useful to note here that the neutral gas temperature,

and hence neutral gas density and ion mean-free-path, vary with respect to applied phase offset. This

has the added effect of slightly reducing collisional losses (and hence increasing mean ion energies)

for phase offsets which result in the highest neutral gas heating, i.e. those with the most negative dc

self-biases, corresponding to the blue dashed lines.

In comparison, IEDFs resulting from discharges employing n = 5 tailored voltage waveforms, while

still predominately collisional in nature, exhibit more notable populations of high energy (≥ ǫ̂) ions.

These super-thermal ions are most prominent for waveforms employing phase offsets in the range

90◦ ≤ θ ≤ 270◦, resulting in an enhanced separation between the mean and modal ion energies.

These super-thermal ion populations arise as the phase-averaged sheath widths, observed previously

in figure 6 (c), fall below the ion mean-free-path, leading to collisionless acceleration through the

sheath13. Despite achieving higher average ion energies, the n = 5 tailored voltage waveforms exhibit

a similar degree of control over the IEDF, modulating the mean ion energy by 35.5 eV between

72.5 ≤ ǫ̂Ar+ ≤ 108.0 eV and the modal ion energy by 7.5 eV between 13.0 ≤ ǭAr+ ≤ 20.5 eV.

Notably however, phase offsets resulting in the extrema in mean and modal ion energy for n = 5

tailored waveforms in 7 (b) do not align with phase offsets resulting in the extrema in dc self-bias

voltage and sheath potential, shown previously in figures 5 (a) and 6 (e). Instead the maximum ion

energies are observed for phase offsets centred around θ = 180◦ and minimum ion energies are observed

for phase offsets centred around θ = 0◦, approximately 90◦ degrees out of phase from what would be

expected given the trends in dc self-bias voltage and sheath potential. This offset is not observed for

operation employing n = 2 dual-frequency voltage waveforms.

The offset between the extrema in dc self-bias voltage and extrema in ion energy for n = 5 tailored

voltage waveforms is explained through recalling that the radial sheath extent varies in proportion to

the sheath potential, shown previously in figures figure 6 (c) and (e) for n = 5 tailored waveforms and

figure 6 (d) and (f) for n = 2 dual-frequency waveforms. This implies that waveforms employing phase

offsets for which ions are accelerated through the largest potential are also waveforms for which ions

experience the greatest collisional energy loss through the sheath. Conversely, ions accelerated through

a narrow sheath are subject to fewer collisions but are accelerated through significantly reduced sheath
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potential, reducing their maximum attainable energy. Therefore, the optimal conditions are found be-

tween these two extremes, agreeing with the ≈ 90◦ offset observed in figure 7 (b). This behaviour is

only expected for intermediate-to-high pressure plasmas (' 133 Pa, 1.0 Torr), where collisional ion

energy loss within the sheath is a significant factor. This effect is not observed for dual-frequency

voltage waveforms due to their wider and less variable phase averaged sheath extents, observed previ-

ously in figure 6 (d). Dual-frequency waveforms therefore maintain a correlation between the extrema

in dc self-bias voltage and mean ion energy for collisional sheath conditions.

5.1 Decoupling Ion Flux and Ion Energy at Intermediate Pressures

Before addressing the extent to which the ion flux and ion energy can be de-coupled in intermediate

pressure, non-planar plasmas, it is useful to first identify why these parameters are coupled in single

frequency discharges. Consider the energy gained by a positive ion, initially at rest, falling from a

radius r through a phase-averaged sheath potential of φS . For collisional plasmas where λmfp ≤ SR,

the average distance over which an ion can be continuously accelerated is equal to the mean-free-path.

Therefore, for maximum energy gain, an ion would start at a radius from the alumina wall r = λmfp,

resulting in an energy gain as described by equation 8.

ǫmax = ZeφS(r) (8)

Here, ǫmax is the maximum achievable ion energy before a scattering event, Z is the ionisation

level of the accelerated ion, and e is the elementary charge; where both Z and e are constant. For

the case where the sheath potential varies primarily in proportion to the plasma potential, i.e. where

the dc self-bias voltage is zero or constant, any variation in the maximum ion energy must arise from

a change to either its mean-free-path or to the sheath width, and hence potential gradient. To a

first order approximation, these parameters vary in inverse proportion to the local neutral and ion

densities, respectively3. For cases where the change in neutral argon density is negligible, the expected

maximum ion energy can be mainly defined by the ion density, and hence is proportional to the ion

flux.

The introduction of a variable dc self-bias voltage, such as provided by multi-harmonic voltage

waveforms, breaks this co-dependency between the ion density and ion energy through enabling mod-

ulation of the sheath potential independent of the ion density. Independent control of ion energy and

ion flux is then possible so long as the ion flux does not respond significantly to changes in the dc

self-bias voltage, as is typically the case for low pressure, planar discharges43,75,79. However, in general

this cannot be assumed for intermediate pressure or non-planar plasma sources, as demonstrated in
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figure 5 (b) and (c), due to changes in the ion flux arising from secondary ionisation mechanisms,

or through pre-existing physical asymmetries, which enforce significant variations in the ion fluxes

required for quasi-neutrality19. Independent control of the ion energy and flux in collisional or intrin-

sically asymmetric discharges therefore arises from the offset between the extrema in ion energy as

compared to the extrema in ion flux in response to changes to the dc self-bias voltage. The degree

to which these two parameters are offset in response to the dc self-bias voltage is mediated by the

behaviour of the sheath extent and sheath potential, discussed previously with reference to figures 6

(c) and (e).

The degree of independent control over the mean Ar+ ion energy and flux afforded by n = 2,

k = 1, 2 dual-frequency and n = 5 tailored voltage waveforms is presented in figure 8, for phase offsets

between 0◦ ≤ θ ≤ 360◦, where waveform harmonic components are computed employing equation 2.

Single frequency discharges employing driving frequencies of 13.56 MHz, 54.24 MHz and 108.36 MHz

with applied voltages in the range 150 ≤ φ0 ≤ 450 V are included for comparison, where the data

underpinning the single frequency trends is reproduced from Ref. 13.
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Figure 8: Mean Ar+ ion energies ǫ̂Ar+ incident upon the radial wall adjacent to the powered electrode
(R,Z = 2.1 , 21 mm) with respect to the Ar+ ion flux ΓAr+ at the same location employing unoptimised
n = 2, k = 1, 2 dual-frequency and n = 5 tailored voltage waveforms with phase offsets 0◦ ≤ θ ≤ 360◦, where
waveform harmonic components are computed employing equation 2. Single frequency discharges are included
for comparison employing driving frequencies of 13.56 MHz, 54.24 MHz and 108.36 MHz with applied voltages
150 ≤ φ0 ≤ 450 V, where data is reproduced from Ref. 13. Increasing phase offset proceeds clockwise, with
waveforms employing a phase offset of 90◦ denoted by the filled shapes as a reference. Operating conditions:
100 sccm argon, plenum pressure ≈ 200 Pa (1.5 Torr), multi-harmonic waveforms φ0 = 450 V, single frequency
waveforms 150 ≤ φ0 ≤ 450 V in steps of 30 V, fundamental frequency of f0 = 13.56 MHz.
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For single frequency operation, denoted by the black solid, dashed and dotted lines in figure 8, the

ion flux ΓAr+ and mean ion energy ǫ̂Ar+ both vary in proportion with the ion density, as described

previously with reference to equation 8. This results in a uniquely defined locus of possible ion flux,

mean ion energy combinations for any given single frequency discharge, assuming a fixed voltage

amplitude and background pressure12. The application of additional frequencies provides a degree of

mobility in flux-energy space, i.e. enabling multiple ion flux, mean ion energy combinations, achieved

by modulating the dc self-bias via varying harmonic phase offsets. This is demonstrated in figure 8,

where both dual-frequency and n = 5 tailored waveforms exhibit modulations in flux-energy space.

Dual-frequency voltage waveform driven discharges in figure 8 exhibit an approximately linear

modulation in flux-energy space, cycling clockwise around a point in-between the 13.56 MHz and

54.24 MHz trend lines with increasing phase offset. This modulation is narrower in energy than flux,

where the radial ion flux is modulated by a factor of 1.8, as compared to a factor of 1.6 for the mean

ion energy. As the modulation in ion energy and flux both vary in proportion to the magnitude of the

dc self bias voltage, noted previously in figures 5 (c) and 7 (b), the achieved mobility in flux-energy

space is very low. This behaviour differs from previous work performed in low pressure (/ 67 Pa,

0.5 Torr), planar rf-CCPs operating in Ar, where typically the ion flux remains near-constant and the

ion energy is independently variable15,17,43,75,79.

In comparison, tailored voltage waveforms achieve modulations in Ar+ ion flux ΓAr+ and mean

ion energy ǫ̂Ar+ by factors of 2.9 and 1.5, respectively. Further, as the ion energy is not modulated in

direct proportion to the dc self-bias voltage, shown previously in figure 7 (b), the achieved mobility

in flux-energy space is significantly increased. This enables multiple distinct ion energy and ion

flux combinations e.g. a high flux, mid energy configuration (θ = 90◦) and a low flux, mid energy

configuration (θ = 270◦). Higher harmonic tailored voltage waveforms therefore re-enable variation

of the ion energy, while maintaining a near constant ion flux in non-planar, intermediate pressure

rf-CCP sources. Finally, it is worth noting that the degree of control achieved in figure 8 may be

further optimised through the application of waveforms employing optimised harmonic amplitudes of

the form described by equation 3.

The extent to which ion energy and flux may be varied independently can be quantatitively de-

scribed by the Pearson correlation coefficient80,81 ρ(ǫ,Γ), with respect to the applied phase offset, and

is computed as shown in equation 9:

ρ(ǫ,Γ) =
Cov(ǫ̂Ar+ ,ΓAr+)

σ(ǫ̂Ar+)σ(ΓAr+)
(9)

Where Cov(ǫ̂Ar+ ,ΓAr+) is the covariance between mean ion energy and radial ion flux80:

23



Cov(ǫ̂Ar+ ,ΓAr+) =

Mean{(ǫ̂Ar+(θ)− < ǫ̂ >Ar+)×

(< Γ >Ar+ −ΓAr+(θ))} (10)

Here, < ǫ̂ >Ar+ and < Γ >Ar+ represent the ensemble average values of mean ion energy and

ion flux averaged over all phase offsets in the range 0◦ ≤ θ ≤ 360◦, and σ(ǫ̂Ar+) and σ(ΓAr+)

are the standard deviations over the same phase offset range. While ǫ̂Ar+(θ) and ΓAr+(θ), represent

the mean ion energy and ion flux for a specific value of θ, and are otherwise functionally equivalent

to the symbols ǫ̂Ar+ and ΓAr+ . The correlation coefficient is a normalised parameter, such that

−1 ≤ ρ(ǫ,Γ) ≤ 1, where the magnitude denotes the degree of linear correlation, with either a direct

or indirect proportionality for positive and negative values, respectively. Note that a correlation

coefficient of zero denotes no correlation, i.e. independent behavior, between the two parameters.

Computing correlation coefficients for the single frequency trends shown in figure 8, it can be

shown that +0.997 ≥ ρ(ǫ,Γ) ≥ + 0.989 for single frequency operation in the range 108.68 MHz to

13.56 MHz, respectively. Note the directly proportional relationship between ion flux and mean ion

energy, as would be expected from equation 8. Note also that higher driving frequencies lead to in-

creasingly linear correlations, which is likely a result of increased gas heating and reduced collisionality

within the powered electrode sheath51.

The application of n = 2, k = 1, 2 dual-frequency waveforms produces a negligible change in correla-

tion coefficient as compared to the 13.56 MHz case, varying from ρ(ǫ,Γ) = +0.989 to ρ(ǫ,Γ) = +0.995.

This indicates that, while dual-frequency operation does provide control over the ion flux and ion en-

ergy, demonstrated in figures 5 (c) and 7 (a), this control does not lead to any significant decoupling

of these two parameters under the intermediate pressure conditions studied here. In contrast, the

application of n = 5 tailored voltage waveforms reduces the correlation coefficient by a factor of ≈ 3

to ρ(ǫ,Γ) = +0.373, demonstrating a significant increase in the independent variability of the mean

ion energy and ion flux. This agrees with the observed elliptical modulation in flux-energy space

achieved via n = 5 tailored voltage waveforms in figure 8, as compared to linear modulations both

single-frequency and dual-frequency voltage waveforms. These findings suggest that the application of

the EAE via tailored voltage waveforms to intermediate-to-high pressure, non-planar discharge con-

figurations is not identical to that in the planar geometry. In particular, achieving specific plasma

parameters (e.g. a high flux, low energy configuration) is not possible through maximizing the potential

drop through a single sheath via application of dual-frequency voltage waveforms, as in planar dis-
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charges. Instead, the sheath dynamics, sheath voltage and spatio-temporal electron heating dynamics

are simultaneously modulated by the applied tailored voltage waveform, necessitating a consideration

of the plasma response to the applied waveform within the numerical approach. Such considera-

tions are essential to future works employing the EAE via tailored voltage waveforms in asymmetric,

non-planar discharges.

6 Conclusions

To conclude, quasi-independent control of the radial Ar+ flux and mean Ar+ ion energy has been

demonstrated via 2D fluid/Monte-Carlo simulations of a φ0 = 450 V, n = 5 tailored voltage waveform

driven hollow cathode micro-discharge operating in argon at ≈ 200 Pa, 1.5 Torr plenum pressure. Close

agreement between simulated and measured Ar(2p1) excitation rates was observed for φrf = 240 V

n = 5 tailored voltage waveforms employing phase-offsets of θ = 90◦ and θ = 270◦ and further

simulations are used to investigate trends over the range 0◦ ≤ θ ≤ 360◦. By virtue of more

finely grained temporal features, n = 5 tailored voltage waveforms achieved modulations in the phase-

averaged powered electrode sheath extent and potential by factors of 8.66 and 2.23, respectively, as

compared to only and 1.56 and 1.32 for n = 2 dual-frequency voltage waveforms. This lead to a

significantly increased degree of independent control over the ion flux ΓAr+ and mean ion energy

ǫ̂Ar+ , modulating each by factors of 2.9 and 1.6, respectively, as compared to 1.8 and 1.6 for n = 2

dual-frequency waveforms. Notably, these trends demonstrated a reducing correlation between the

ion flux and mean ion energy with increasing tailored waveform harmonic, from ρ(ǫ,Γ) = +0.989 for

13.56 MHz single frequency operation to ρ(ǫ,Γ) = +0.373 for operation employing n = 5 tailored

voltage waveforms. Multi-harmonic n ≥ 2 tailored voltage waveforms therefore represent an effective

technique for the control of ion dynamics in intermediate pressure (' 133 Pa 1 Torr), physically

asymmetric radio-frequency capacitively coupled plasma sources, finding application in aerospace and

semiconductor industries.
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[15] J Schulze, E Schüngel, Z Donkó, and U Czarnetzki. The electrical asymmetry effect in multi-frequency capacitively

coupled radio frequency discharges. Plasma Sources Science and Technology, 20(1):15017, 2011. ISSN 09630252.

doi:10.1088/0963-0252/20/1/015017.

[16] T Lafleur and J.-P. Booth. Control of the ion flux and ion energy in CCP discharges using non-sinusoidal voltage

waveforms. Journal of Physics D: Applied Physics, 45(39):395203, 2012. ISSN 0022-3727. doi:10.1088/0022-

3727/45/39/395203.

[17] T Lafleur, R W Boswell, and J.-P. Booth. Enhanced sheath heating in capacitively coupled discharges due to non-

sinusoidal voltage waveforms. Applied Physics Letters, 100(19):194101, 2012. ISSN 00036951. doi:10.1063/1.4712128.

[18] B Bruneau, T Novikova, T Lafleur, J.-P. Booth, and E V Johnson. Control and optimization of the slope asymmetry

effect in tailored voltage waveforms for capacitively coupled plasmas. Plasma Sources Science and Technology, 24:

15021, 2015. ISSN 0963-0252. doi:10.1088/0963-0252/24/1/015021.

[19] T Lafleur. Tailored-waveform excitation of capacitively coupled plasmas and the electrical asymmetry effect. Plasma

Sources Science and Technology, 25(1):13001, 2016. ISSN 0963-0252. doi:10.1088/0963-0252/25/1/013001.

[20] A R Gibson and T Gans. Controlling plasma properties under differing degrees of electronegativity using odd

harmonic dual frequency excitation. Plasma Sources Science and Technology, 26(11):115007, 2017. ISSN 13616595.

doi:10.1088/1361-6595/aa8dcd.
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[40] E Schüngel, J Schulze, Z Donkó, and U Czarnetzki. Power absorption in electrically asymmetric dual frequency ca-

pacitive radio frequency discharges. Physics of Plasmas, 18(1):13503, 2011. ISSN 1070664X. doi:10.1063/1.3535542.
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[44] Edmund Schüngel, Robert Hofmann, Sebastian Mohr, Julian Schulze, Jürgen Röpcke, and Uwe Czarnetzki. Evalua-
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