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Abstract

Plasma discharges driven at the electron series resonance(ESR) frequency have many desirable

properties. The input resistance is small and the drive voltage and current are in-phase. Also,

the drive voltage is small (» Te) and the average plasma potential is low (» 10Te). Particle-in-

cell simulations with Monte-Carlo collisions (1d3v PIC-MCC) show that a strongly kinetic phase

space bunching processprovides electrons of su±cient energy for ionization|allo wing discharge

operation at low neutral pressuresand low electron temperatures. Simulations also show that at

these low pressuresthe ion °ux to the wall has a narrow angular spreadabout the normal and the

ion bombarding energydistribution has a sharp peak at the plasma potential.

This article is Part I of a three part simulation study of ESR discharges. In Part I, PIC-MCC

simulations recreating the ESR discharge experiment by Godyak [1] are performed. The driven

V ¡ I characteristics of a plasmadiode (magnitude and phaseangle) are measuredin simulation and

found to compare well with experimental results. In Part I I (Bowers et al [2]), a rapid transition

(\lo ck-on") from a decaying capacitive-looking discharge to an ESR sustained discharge is shown

and models for someassociated phenomenologyare presented. In Part I I I (Qiu et al [3]), steady

state characteristics and the responseof an ESR discharge to slow changesin RF drive amplitude

and frequencyare shown.



1 In tro duction

Metal bound plasmas exhibit two dominant natural resonanceswhich may be found from cold

plasma linear theory. One is the plasma oscillation due to symmetric motion of the bulk plasma at

the electron plasmafrequency, ! p (measuredat the peakelectron density). This oscillation produces

no net current in an external short circuit of a planar two electrode system.

The other is at a lower frequency and is due to anti-symmetric (\sloshing") motion of the

electrons. It producesan oscillatory current in an external short circuit. It is called the electron

seriesresonance(ESR), ! r , named as it occurs where the diode seriesreactancevanishes.The ESR

may be consideredto be a seriesLC resonancebetween the electron-depleted capacitive sheaths

and the inductiv e plasma bulk (the bulk plasma appears inductiv e through electron inertia below

! p|not a magnetic e®ect). Typically, ! r ¿ ! p. Someearly referencesto the ESR are Tonks [4, 5],

Dattner [6], Parker, Nickel and Gould [7] and Godyak [8].

Part I I (App endix A) derives the ESR frequency and equivalent circuit from the cold plasma

dielectric in the frequency domain and from the electron force equation in the time domain. There

it is also shown explicitly that the ESR frequency is the natural frequency for sloshing motion of

electronsin a planar boundedplasmaslab. Restating the main result here for convenience,Figure 1

graphically depicts the ESR for a bounded planar cold plasma and the ESR frequency is given by:

! r = ! p

r
2¹s
L

(1)

where 2¹s is the combined time average width of the left and right sheaths and L is the diode

separation. The above expressionapplies when the electron collision frequency is low enough that

the resistanceof the plasma bulk is negligible.

The ESR is not unique to planar systems. It is found in systemswhere a non-uniform plasma

density leadsto regionsof dense(inductiv e-looking) bulk plasma and electron-depleted(capacitive-

looking) sheath plasma. H. Smith has performed similar simulation studies to the study here using

coaxial and concentric spherical diode models [9]. This article focusessolely on planar systems

however.

As the imaginary part of the diode impedanceis zero at the ESR, the load presented to an

external circuit (such as an RF power supply) is purely resistive. This is desirable as it allows

for easymatching for maximal power transfer in dischargessustained at the ESR. This is in stark

contrast to inductiv e or capacitive dischargeswhere the diode impedanceis dominated by reactance

and the RF drive voltage and currents are nearly 90± out-of-phase.

The initiation of an ESR discharge, the conditions required to maintain it and its steady state
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Figure 1: Electron SeriesResonance:As the electron slab sloshes(top), a strong dipole ¯eld at the
ESR frequency is present acrossthe plasma bulk as is seenin the instantaneouspotential (middle)
and the RF potential (bottom). The RF voltage drop acrossthe bulk plasmacancelsthe RF sheath
drop. The time averagesheath widths ¹sl and ¹sr are indicated on the ¯gure. Figure after Part I I
(App endix A).

properties are of interest in this simulation study. This article recreates in simulation an ESR

discharge experiment done by Godyak [1] in order to ensurethe simulation techniques used in this

study agreewith ESR experimental data. Part I I and Part I I I study ESR dischargesin more detail.

As ESR discharges are essentially the k = 0 cuto® of surface wave discharges, the results

presented in this simulation study have applicabilit y to surface wave discharge phenomena (for

example, the hysteresisphenomenadiscussedin Part I I I is not unlike the experimentally observed

hysteresisin surfacewave dischargespresented by Ghanashevet al [10]).

In order to conduct the simulations used in this article, an inexpensive causal technique to

extract the magnitude and phaseof a signal from noisy simulation data was used. The technique is

described in Part I (App endix A).
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2 Historical Background

Much work has been dedicated to ESR sustained discharges. The possibility of using the ESR to

sustain a discharge was ¯rst noted by Schneider and Angew [11]. A detailed review of early work

was given by Talliet [12]. In this work, a collisional homogeneousmodel of the discharge also was

given with experiments to verify the model.

Godyak [8] re¯ned the homogeneousmodel to predict the properties of RF discharges(includ-

ing ESR discharges). Notable predictions include: ESR dischargesoccur at the minimum voltage

necessaryto sustain the plasma; the plasma density is a double-valued function of the RF voltage

acrossthe diode, with a capacitive discharge branch and an inductiv e discharge branch; the induc-

tiv e discharge branch is unstable when sustainedby a voltage (low impedance)generator but both

discharge branchesare stable when sustainedby a current (high impedance)generator. This model

wasextendedto the inhomogeneousplasmacaseby Godyak and Popov [13] and veri¯ed experimen-

tally [14]. A review of this material with extensive referencesto Soviet RF discharge literature is

found in Godyak's monograph [15].

PIC-MCC (Particle-In-Cell with Monte-Carlo-Collisions) simulations were performed to study

ESR dischargesby Cooperberg and Birdsall [16]. They focusedon the self-consistent density pro¯le

and electron energydistribution functions (EEDF). The scaling laws for electron density and sheath

width of Godyak were veri¯ed in step-by-step simulation. Initiation of a resonant discharge from a

capacitive discharge was studied by Birdsall and Bowers [17], also using PIC-MCC simulation. An

abrupt transition from a capacitive discharge to a resonant discharge (\lo ck-on") was observed.

Here PIC-MCC simulation is usedto continue the study of ESR discharges.

3 Exp erimen tal Data

Godyak [1] conducted many experiments with symmetrically driven parallel-plate RF dischargesin

argon. The experimental apparatus is shown in Figure 2. The plate separation is L = 6:7cm. A

glasscylinder with an inner diameter of 14:3cm and cross-sectionalareaof A = 160cm2 con¯nes the

discharge radially. (A thorough discussionof the apparatus and the measurement techniques used

is given in Godyak et al [18].) Experiments were done over a wide range of gaspressures(3mT orr

to 3Torr ), discharge powers (10¡ 2 » 102W ) and RF frequencies(6:78, 13:56, 27:12, 54:24 and

81:36M H z). The results of interest here are those at 81:36M H z becausetheseexhibited resonant

behavior, with a minimum drive voltage occurring at zerophasedi®erencebetweenthe drive current

and voltage. Dr. Godyak graciously provided the resonant experimental results [19].
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Figure 2: Godyak's Experimental Setup: After Godyak et al [18].

Figure 3 shows the experimental measurements for the resonant caseat three di®erent pressures.

The driven RF voltage amplitude acrossthe diode versusthe driven RF current amplitude into the

diode (V ¡ I ) wasmeasured.Also measuredwasthe phaseanglebetweenthe driven RF current and

voltage versusthe driven RF current amplitude (ÁI ¡ V ¡ I ). The drive frequency was 81:36M H z.

The experiments were e®ectively driven push-pull by a current source(Godyak [18]). The following

properties were observed:

² As I R F decreases,VR F ¯rst decreaseswith I R F (capacitive dischargebranch) and reachessome

minimum value at a few volts (Vr ). This is the resonant point. Continuing, VR F increases

with decreasingI R F (inductiv e discharge branch).

² The phaseÁI ¡ V decreaseswith I R F decreasing.When I R F is su±ciently large (at a few tenths

amps), ÁI ¡ V goesto near 90± and the discharge is capacitive.

² The voltage reaches a minimum when ÁI ¡ V crosseszero. This is predicted by Godyak [8,

15]. The minimum is where the exact resonant discharge residesand is the minimum voltage

required to sustain the discharge.

² With I r de¯ned as the current where VR F is at its minimum (VR F = Vr and ÁI ¡ V = 0±), I r

varies little as the background gaspressureis changed.
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Figure 3: Godyak's Experimental Data [19]: The dischargesare driven by a RF sourceat 81:36M H z
at di®erent argon pressures.From top to bottom: 3mT orr , 10mT orr and 30mT orr . Positive phase
indicates a capacitive V ¡ I phase angle. Resonant discharge behavior with the minimum drive
voltage occuring at zerophasedi®erenceis seen.At resonance,the diode is resistive at the RF drive
frequencywith R » 10­.
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Figure 4: 1d3v PIC-MCC Simulation Model: In the simulations here, the external circuit is speci¯ed
by R = 1:2K ­, L = 0, C = 1 and B = 0. Figure after Verboncoeur et al [20].

4 Simulation Mo del

Simulations were conducted with the code PDP1 (Verboncoeur et al [20]), which is a 1d3v PIC-

MCC code (one spatial dimension, three particle velocities and planar electrodes). A schematic

model of the simulation is shown in Figure 4. The dimensionsof the simulation region, L and A,

are the sameas Godyak's laboratory experiments. The external power source is always driven at

81:36M H z. The gas used in the discharge is argon. The pressuresused were 3mT orr , 10mT orr

and 30mT orr . Electrons striking the electrodes are absorbed and ions striking the electrodes are

neutralized. Secondaryemission is not included in these simulations (PDP1 supports secondary

emissiongiven the appropriate material coe±cients).

While the experimental devicewasdrivenpush-pull (Godyak [18]), the simulation codereferences

the right-hand electrode to zeropotential and the left-hand electrode potential is set by the external

source.Sincethe zeroof potential is arbitrary in the simulations, the simulation resultsareuna®ected

by this convention.

In this article, the power supply was modeled with an ideal voltage source in series with a
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1:2K ­ resistor. The maximum magnitude of impedanceof the diode is of order L=! R F "0A which

at 81:36M H z comesout to be » 925­. Typically, the magnitude of the diode impedanceat the

drive frequency is much smaller though (» 10­ at resonance). Thus, the simulated power supply

acts like an ideal current source. A high impedancesourceis necessaryto make measurements over

the inductiv e branch as the inductiv e branch is unstable when driven by a low impedancesource

(Godyak [15]).

In both experiment and simulation, no signi¯cant external magnetic ¯eld is applied to the

discharge. The simulations are electrostatic sincec=fR F » 3:7m À L as L = 0:067m.

5 Comparison of Simulation and Exp erimen t

The V ¡ I characteristics were measuredat di®erent pressures:3mT orr , 10mT orr and 30mT orr .

The simulation was started with a steady state capacitive discharge (di®usive density pro¯le with a

peak density » 1010cm¡ 3 and electron temperature » 2eV). The RF current amplitude supplied to

the plasma was gradually reduced from 2A to 0:2A (peak-to-peak) over a 0:4ms interval. 0:4ms is

much longer than the characteristic times associated with the ion-acousticwave, ambipolar di®usion

time and electron transit time and ion free fall time. I R F was swept using a power law so that the

rate of relative changewas constant over the entire sweep, I R F (t) = 2A(0:2A=2A) t= 0:4ms .

Table 1 givesthe detailed simulation parametersusedin this article.

The V ¡ I and ÁI ¡ V ¡ I ¯gures wereobtained from the simulation (Figure 5) using the procedure

described in Part I (App endix A). The simulation data agreeswell with the experimental data

(particularly at higher pressures). As the current decreases,the voltage decreases̄ rst, reaches

someminimum value and then increases.ÁI ¡ V decreasesmonotonically. A resonant state with the

properties predicted in theory and measuredin experiment is seen.

The signi¯cant di®erencebetweenGodyak's experiment and the simulation is the abrupt transi-

tions at the lower pressures.In particular, the 3mT orr run shows a transition into a quasi-resonant

state with a » 45± phasedi®erence(labeled the harmonic transition on Figure 5), a transition into

a resonant discharge and an abrupt transition into an inductiv e state.

Given the range of the collected experimental data, it is unclear whether or not the transition

to the inductiv e state is seenexperimentally . However, the abruptness of transition suggeststhat

to properly model the experiment here would require a more faithful model of the RF power supply

and its responseto transients.

The exact reason for these harmonic transitions is also unclear. However, spectrograms of

the discharge circuit and voltage taken across these transitions (such a spectrogram is shown in
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Figure 5: Simulation Results: This shows the simulated V ¡ I and ÁI ¡ V ¡ I curvesfor the diode at
di®erent pressures.From top to bottom: 3mT orr , 10mT orr and 30mT orr . Resultsagreereasonably
well with the experimental data. The lower pressuresexhibit transitions between di®erent states.
In the simulation, the RF current amplitude was swept from 2A to 0:2A over a 0:4ms interval.
Dischargevoltageand current are the RF peak-to-peakmagnitudesat 81:36M H z. Dischargevoltage
is measuredacrossthe diode. Positive phaseindicates a capacitive V ¡ I phaseangle.
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Neutrals
Pressure(mT orr ) 3 10 30
Gas Argon Argon Argon
Temperature (eV) 0.026 0.026 0.026

Electrodes
Geometry Planar Planar Planar
Particle boundary condition Absorb Absorb Absorb
Separation (cm) 6.7 6.7 6.7
Area (cm2) 160 160 160

Power supply
Frequency(M H z) 81.36 81.36 81.36
Initial peak-to-peak voltage (oc) (V ) 2400 2400 2400
Final peak-to-peak voltage (oc) (V ) 240 240 240
Sourceresistance(­) 1200 1200 1200
Sourcesweepduration (ms) 0.4 0.4 0.4

Ions
Initial peak density (1010cm¡ 3) 0.54 0.96 1.4
Pro¯le » sin » sin » sin
Typical density (1010cm¡ 3) 0.11 0.19 0.28
Initial avg. kin. energy / ion (eV) 0.32 0.15 0.077
Initial est. ion temp. (eV) 0.028 0.027 0.026

Electrons
Initial peak density (1010cm¡ 3) 0.54 0.96 1.4
Pro¯le » sin » sin » sin
Typical density (1010cm¡ 3) 0.11 0.19 0.28
Initial avg. kin. energy / elec. (eV) 3.6 3.0 2.9
Initial est. electron temp. (eV) 2.4 2.0 1.9

Numerical
Timestep (ps) 150 110 84
Mesh spacing(¹m ) 250 250 200
Ratio comp. to phys. particles (106) 35.6 64.0 89.6

Table 1: 1d3v PIC-MCC Simulation Parameters: This gives the parameters used for the 1d3v
PIC-MCC simulation of the ESR discharge experiment conducted by Godyak [1].

Part I I) suggestthat thermal Tonks-Dattner resonances(seeParker et al [7] for an explanation of

theseresonances)may be interacting with harmonic frequenciesof the drive. As the plasma pro¯le

changesduring the current sweep, these Tonks-Dattner resonancesare expected to come into and

out of resonancewith RF drive harmonics|p ossibly causing the jumps seen. Another possibility

is that a transit time resonanceis occuring with the non-thermal electron heating and bunching

processwhich is the primary meansfor RF power absorption in the lower pressuresimulations (also

shown in Part I I).

6 Summary

In this study the driven V ¡ I measurements from the experiment by Godyak [1] were recreated

in 1d3v PIC-MCC simulation. In the simulations, the resonant discharge state was reached by
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starting from a capacitive discharge and sweeping I R F down. Measurements of VR F and ÁI ¡ V in

the simulation were taken during the current sweep.

The simulated V ¡ I characteristics agree well with the experiment (particularly at higher

pressures)in both trend and magnitude. At the lower pressures,an abrupt transition from a resis-

tiv e/inductiv e discharge state into an almost purely inductiv e state was seenin simulation. Given

the current rangeover which the experimental data wastaken, it is unclear whether this alsowasob-

served in the experiment. However, the abruptnessof the transition suggeststhat to properly model

the experiment about theseand other transitions requires a more faithful model of the responseof

the RF power supply to transients.

Notable observations from the simulation and experiment include:

² The minimum RF voltage amplitude to sustain the discharge is only on the order of Te, a few

volts.

² This minimum RF voltage necessaryto sustain the plasma occurs when the RF current and

RF voltage are in-phase.

² The impedanceof plasma diode, Zdiode , is resistive and small compared to non-resonant dis-

charges(whoseimpedancetypically is dominated by the reactanceof the device).

Part I I and Part I I I examineESR discharge phenomenologyin more detail.
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A An E±cien t Metho d for Measuremen t of Magnitude and
Phase of Signals in Particle-In-Cell RF Disc harge Simula-
tions

Due to the presenceof strong harmonics and numerical noise, measurement of the magnitude and

phaseof various signalsat the RF drive frequency in a simulation is non-trivial.

DiscreteFourier techniquesaredi±cult to employ asthe operation is not causal(and thuscannot

be placed into the simulation °ow). Furthermore, the discrete Fourier frequenciesusually do not

line up exactly with the frequenciesof interest (leading to spectral leakageand extreme sensitivity

of the phaseabout the frequenciesof interest). The method also is not well suited for signalswith

sharp transitions.

Various techniquesbasedon computing the RMS value of the signal have the disadvantage that

harmonic frequenciesare included in the result. Phaseinformation is also di±cult to extract using

thesemethods.

This appendix givesthe computational method usedfor the simulation measurements found in

Part I, Part I I and Part I I I. The technique presented is very similar to demodulation techniquesused

in communications. The disadvantagesnoted above are avoided. Emphasis is placed on making the

operation as computationally inexpensive as possiblewhile extracting acceptablemagnitudes and

phases.

The diode voltage is usedas the example signal for which the magnitude and phaseat the RF

drive frequency is extracted. The diode voltage measuredin the simulation may be expressedas:

V (t) = VR F cos(! R F t + ÁR F ) + harmonics, noise, . . . (2)

where VR F and ÁR F are slowly varying quantities over an RF period. Other simulation quantities

like current show a similar variation. V (t) measuredfrom the simulation e®ectively is sampled at

the rate of ¢ t , the simulation time step|giving Vn = V(n¢ t ).

The above may be rewritten using trigonometric identities:

V (t) = VR F cosÁR F cos! R F t ¡ VR F sinÁR F sin ! R F t + harmonics, noise, . . . (3)

Two new signals(V1 and V2) may be constructed by multiplying V (t) by cos! R F t and sin ! R F t

respectively. This has the e®ectof shifting the RF frequency to DC (and creating an aliasedsignal

component at a frequency2! R F ). Low pass¯ltering V1(t) and V2(t) then gives:

¹V1(t) =
1
2

VR F cosÁR F (4)

¹V2(t) = ¡
1
2

VR F sinÁR F (5)
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! R F is typically well below the Nyquist frequencycorresponding the simulation timestep. Thus,

ideally the low pass¯lter should have a sharp transition band at very low frequenciesand a °at pass

band. For the purposeat hand however, applying a combination of a notch ¯lter with a decaying

average¯lter yielded very good results while being much simpler to implement.

The notch ¯lter was designedto have the minimal number of taps while eliminating the aliased

frequency components at 2! R F . The notch ¯lter was required to have a ¯lter transfer function of

unit y at DC and at the Nyquist frequencyand a ¯lter transfer function of zero at f k = 2f R F . For a

¯lter with real coe±cients operating on real numbers, this amounts to four equations(1 requirement

at DC, 1 requirement at the Nyquist frequency and 2 requirements at the ¯lter zero). Thus, a

minimum of four ¯lter coe±cients is required. Assuming a ¯lter of the the form (for this application,

using feedback resulted in a better ¯lter):

·V1;n = ®V1;n + ¯ V1;n ¡ 1 + ° V1;n ¡ 2 + ±·V1;n ¡ 1 (6)

(and similarly for V2), ¯lter coe±cients can quickly be derived that satisfy the above requirements.

With ck = cos! k ¢ t , sk = sin ! k ¢ t and s2k = sin2! k ¢ t :

® = 1 ¡ ° (7)

¯ = ¡ 1=(ck + 2s3
k =s2k ) (8)

° = ¡ ¯ sk =s2k (9)

± = ¡ ¯ (10)

This gives a causal, stable in¯nite impulse response ¯lter. For ! k well below the Nyquist

frequency, the operations above are susceptibleto roundo®error due to the cancellation of numbers

similar in magnitude. Theseoperations should be done in double precision.

A decaying average¯lter (with N » 50) is a su±cient low pass¯lter for the purposeshere to

remove remaining frequencycomponents oncethe above notch ¯lter has beenapplied:

¹V1;n = ¹V1;n ¡ 1 + ( ·V1;n ¡ ¹V1;n ¡ 1)=N (11)

With the computed ¹V1 and ¹V2, ÁR F and VR F may be easily computed. ÁR F is the angle the

Cartesian vector ¹V1x̂ ¡ ¹V2ŷ makeswith the x̂ axis and VR F is given by:

VR F = 2
q

¹V 2
1 + ¹V 2

2 (12)

Figure 6 shows the power responseof the combined ¯lters. The ¯lter parameterscorrespond to

the 3mT orr simulation of Part I (the 10mT orr and 30mT orr simulations usedthe samef k and N

but had smaller timesteps on account of the higher plasma density).
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