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Past experiments have demonstrated that details of the external electrical circuitry can strongly
influence the performance of radio frequengf) plasma processing reactors. Seemingly minor
changes in the circuit, such as changing cable lengths, can lead to significantly different plasma
characteristics. To investigate these couplings, a plasma equipment model has been developed
which consists of a linked reactor simulation and a circuit model. In this hierarchy the results of the
reactor simulation are periodically used in the circuit model to construct a simple representation of
the plasma consisting of sheaths and resistors which are connected to the external circuit. Voltages
(dc, fundamental and harmonjcand currents at all electrodes and reactor surfaces are computed,
and are then employed as boundary conditions for the plasma reactor simulation. The models were
used to investigate the effects of operating conditions, reactor geometry and stray coupling on the
electrical characteristics of asymmetric capacitively coupled rf discharges. It was found that
nonlinear sheaths lead to voltages and currents that have significant amplitudes at higher harmonics.
As a consequence, external circuits that may appear identical to the plasma at the fundamental
frequency may produce different plasma characteristics. Since plasmas are generally nonlinear and
the combined plasma and circuit impedance is usually reactive, it was found that the \oltage
powel at the supply is not simply related to the voltages on electrode surfaces which generate the
plasma. ©1998 American Institute of Physid$§0021-897@8)03910-3

I. INTRODUCTION measurements from different research groups was made us-
ing the same reactor design but which differed in minor de-
Since radio frequencyrf) powered plasmas are gener- tails with the circuitry'® The widely varying results high-
ally nonlinear, their interaction with the circuitry of plasma lighted the fact that significant differences in plasma
processing reactors is not an easily predictable relationshigharacteristics can be obtained in similar reactors with dif-
Past experiments have, for example, demonstrated that therent external circuit components. Later studies focused on
use of different circuit components—which neverthelesshe effect of using different power supplies and the addition
have equivalent characteristics at the fundamentabf reactive gases on electrical characteristits.
frequency—can produce quite varied plasma and electricaobolewski’ made multiple point measurements of currents
properties- Seemingly small variances in external circuit pa- and voltages in the GECRC, developed an equivalent circuit
rameters, such as changing the cable length between thgodel of the plasma reactor using this data, and later devel-
matchbox and the reactor, also have been found to stronglyped a sheath model for an asymmetric disch&tddiller
influence plasma characteristfcs. and Riley?® recently extended their sheath and circuit model
The electrical characteristics of rf plasma processing reto address high plasma density inductively coupled systems
actors have been actively investigated in the past. Thesgaving rf biased substrates.
works have concentrated on measuring electrical parameters, With the advent of real time control strategies for plasma
comparing those parameters with simple circuit models angrocessing reactors, which employ first principles models to
determining plasma characteristics from the electricadetermine actuator settings such as electrode voltage, accu-
data®® Past theoretical studies have made use of the fagtate representations of the nonlinear coupling between circuit
that the electrodynamic properties of capacitively couplecharameters and plasma characteristics are reqtired.ad-
discharges are primarily determined by the characteristics adress these needs, and to more generally investigate the non-
the sheaths, which have enabled a number of analyticainear relationship between circuitry and plasma properties in
sheath models to be develop€d™ The most extensive set asymmetric rf discharges, a coupled circuit and two-
of electrical measurements reported to date are for the Gagimensional plasma equipment model has been developed.
eous Electronics Conference reference c@ECRO.™  Our studies have focused on the capacitively coupled GE-
Early in these studies, a detailed comparison of electricaCRC for which extensive experimental data is available. We
investigated the effect of gas pressure, applied voltage, elec-
3Electronic mail: rauf@uigela.ece.uiuc.edu trode spacing, addition of reactive gases and stray coupling
BElectronic mail: mjk@uiuc.edu on the electrical and plasma characteristics. The results and
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trends, in general, agree well with experiments. Results from Reactor\&

this investigation show that the nonlinearity of the sheaths - — 3 — — - — = = - - N
leads to currents and voltages which have significant higher

harmonic content. As a consequence, plasmas do not interactl R Ree  oe e |

identically with external circuits that may merely be equiva-

lent at the fundamental frequency. For example, exchanging ' (Sheath 1] [sheatn2] - -

the matching network with an equivalent one at the funda- TSR T TR R_ - T 7 A _R'

mental frequency was found to have a noticeable effect on Al | | A2 | AN

the dc bias and plasma properties. Cas 1 ! zl Caz "l Can
The circuit and plasma reactor model are described in ~ Lai Rcs Romeny Lomn S~

Sec. Il. The models are used to investigate plasma-—circuit —

interactions in Sec. lll. Concluding remarks are in Sec. IV. Re: Ce: Ra2 Comey Ren

Ce: b Ca2 Cen
It I |

Il. DESCRIPTION OF THE CIRCUIT MODEL Les l o 21 Lez 2"1 Len

In this section, we describe our model for the rf bias Vs Vs Vsn

circuitry. Since straight-forward simultaneous simulation of

the plasma an.d eXt.em.aI circuitry s Ofte.n |mpract|cal becausEIG. 1. A schematic of the general circuit model. The plasma processing
of the |arg? d|5_pa”ty.|n plasma and C”’(?L"t time scales, OUkeactor is approximated by a set of sheaths and resistors, where the compo-
approach iteratively links a plasma equipment model and aent values are obtained from the plasma equipment model.

circuit model. In this approach, we periodically construct a

simple circuit representation of the plasma reactor using in-

termediate results during the plasma equipment simulation. ant ; ; The bulk bl . imated b
The circuit model consists of a set of interconnected sheatI"BLOr ant reactor surfaces. The bulk plasma IS approximated by

and resistors which are connected to the external Circuitry§,|mple resistances. The sheaths are each connected to a series

The resulting nonlinear circuit is simulated until steady—stateOf external circuit elements terminating with a power supply.

conditions are obtained. The results from the steady—statgy choosing appropriate values for the pircgit elements, and
circuit model are then used to update voltagés, funda- voltgges fpr the power supply, mqst cwqwt and matchbox
mental and harmonigst the reactor electrodes, which act asconflguratlons of interest can be investigated. The sheath

boundary conditions for the solution of Poisson’s equation inmodel we employed was originally developed by Metze,

the plasma equipment model. This procedure is iterated unt mie and Oskam{MEQ). The |mplementat|on, hoyveyer,
llows the procedure outlined by Rilé§.For the circuit

both the plasma and external circuit parameters attain stead . ’ .
imulation, we treat the sheaths as nonlinear circuit elements

state values. for which th t—volt lationshig(1) is k
The plasma simulation into which the circuit model was or which the current-voltage retations (1) is Nown.
This relationship is obtained from the MEO model in terms

imbedded is the Hybrid Plasma Equipment Mo@ePEM), e tors: electron density at th heath—sheath
a two-dimensional simulation developed at the University of2! four parameters. electron densily at the presneath—shea
nterfacen,, electron temperature in the preshed@th ion

lllinois.?~2 Since the HPEM has been described previously ocity at the sheath heath interf d surf
in detail, only a short description is included here. The entire’€'0¢lty at the sheath—presheath interiage and surface

HPEM consists of three coupled modules. The Electromagf[’-’lhrea of the elictrodé\. In thgdwgrlg of Mlller andt T"ef’
netic Module solves Maxwell's equations for inductively €€ parameters are provided by experimental measure-

coupled electromagnetic fields and models the inductive coff"e"t whereas in this \{vork the_ parameters_are extracted
P v #rom the HPEM, the details of which are explained below.

circuitry. The Electron Energy Transport ModuWEETM)

accepts these fields and uses either a kinetic Monte Carlo In t_he sheaih model,_ elt_ectrpns are assumed to qbey the
simulation or solves the electron energy equation to genera qumbrl_um Boltzmann distribution. Electron current in the
electron transport coefficients and source functions for elec eath is, therefore,
tron impact reactions. These values are passed to the Fluid

Kinetics Module(FKM) which calculates the species densi- _ Nge
ties and fluxes using the continuity and momentum conser- 'l "4

vation equations, and Poisson’s equation is solved to provide

the electrostatic fields. These values are passed to the other ..o o ke and V(x.t) are, respectively, the electron
quules, and the process Is iterat.ed to convergence. The (,:Eharge, electron mass, Boltzmann constant and potential.
cuit model has been integrated into the FKM. As Capacl-gpaaths are assumed to be collisionless. lon current is, there-

tively coupled reactors are being addressed in this StUd3f0re conserved across the sheath and can be written as
only the EETM and the FKM have been employed. The

Monte Carlo simulation option has been used for electron
energy transport which captures all pertinent electron heating lion=€MoviA. @)
mechanisms, including anomalous sheath heéfing.

The simplified circuit model for the plasma, shown in The electric field in the sheatlt, can be computed using
Fig. 1, consists of a set of interconnected sheaths at all imPoisson’s equation and is given by

A, @

8kgT\Y2 [ eV
m kBTe
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e /2nokBTe( L 2eV 1’2+ eV ) 12 S
B €o L kgTe & kgTe , F Ae2n0
3
. ] ) (.) _ where v, is the momentum transfer collision frequency
where ion density has been related to the potential using iojhich we obtain from the HPEM antl is a scale length

momentum and energy conservation. The electric field andapresenting the distance from the edge to the sheath to the
potential have been assumed to be zero at the sheathwnter of the plasma.

presheath interface. Making use of current continuity, the  The sheaths are connected to an external circuit which is
voltage drop across the sheath is general enough that most external components, cables and

®)

vl +

kBTe) 1/2}

1 (t/dE\? stray elements can be represented. The resulting nonlinear
V(t)=V(0)+ Ef (W (I =Tetec—lion) dt, (4)  circuit is implicitly integrated in time using finite differenc-
070 ing until all voltages and currents attain steady-state condi-
which specifies th&/—I relationship for each sheath. tions. The exact set of integro-differential equations that are
The bulk plasma in the circuit model is approximated bysolved to compute the sheath voltagés,;) and currents
simple series resistances which take into account ohmic ang(t): i=1,2,...,(N—-1), where N is the number of

stochastic heating. The resistance attached to each shath isheaths, are the following:

1 t dl;
Vsui (D ]+ (Rpgiy+ RA(i))'i(t)JFVCA(i)(O)JFm 0|i(t) dt+ LA(i)d_tl+VS(i)(t)+RB(i)|i+N(t)+VCB(i)(0)
I

dlisn

1 (t
+—1 1 +Lgj)——

1 dliy
:VSH(i+1)[|i+1(t)]+(RP(i+1)+RA(i+1))|i+1(t)+VCA(i+l)(0)+—.f |i+1(t)dt+LA(i+1)dl—++Vs(i+1)(t)
Cai+nJo t
1 t dlizngr, .
+RB(H—l)Ii+N+1(t)+VCB(i+1)(O)+C+ iy a() dt+LB(i+1)T|, i=1,2,...(N=-1), (6)

B(i+1)J0
N
2 (=0 (7)
=31

1 [t dlisn
VS(i)(t)+RB(i)|i+N(t)+VCB(i)(0)+_'J lien(t) dt+Lgi)y——
Cei)Jo dt

1 [t dly
=Rci) x(i) (1) +Veei)(0) + F(_)J;'xu)(t) dt+ LC(i)T(I)+VS(i+l)(t)+RB(Hl)Ii+N+l(t)+VCB(i+1)(O)
I
1 t dlisn+1
+=—] 1 t) dt+Lgisyy——, i=12,...(N—-1). 8
CBMJO enea(t) dt+ Loy — g (N-1) ®
|
In Egs. (6)—(8), Vsniy, Veaiy(0), Vegiy(0) and Ve (0) The plasma parameters required for the sheath models

are, respectively, the voltage drop across the shieatidl the  are obtained from the HPEM. These parameters are averaged
initial voltage at capacitor€ay, Cggy andCcy. The cir-  over the surface area of the specified material which is in
cuit elementR,, Ca, La, Rg, Cg, Lg, Rc, Cc, andLe  contact with the sheath. Depending on the reactor conditions,
the sheath can be considerably thinner than a mesHioell

. . ductively coupled dischargger several mesh cells thidka-
andlx(_‘)(t)" =12, : N—1)in Eqs.(6)—(8). can .be cor'n— pacitively coupled dischargesTo determine the location of
puted in terms of(t):i=1,2,...,(N—1) using Kirchoff's = o sheath—presheath interface at every mesh point along a
current law. Once the voltages and currents attain steadyyface, the location where the total ion density and electron
state, the voltage@ic, fundamental and harmonjcat nodes  gensity are within a few percent of each other is determined
Pi:1=1,2,... N are computed and they are used as boundby progressively moving away from the surface. The re-
ary conditions for the solution of Poisson’s equation in thequired plasma parameters are then computed by interpolating
HPEM. between the last two mesh cells. If the sheath width is

and locations of; are defined in Fig. 1. The currenitgy(t)
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FIG. 2. Ar" and Ar densities in the GECRC for Ar at 100 mTorr gas
pressure, 100 V supply voltage and 10 sccm gas flow rate. The portions of g 010 b
the reactor for which wall current is collected are shown hatched. =
[]
S 0057
o
smaller than a mesh cell, the values one mesh cell away from 0.00 —
the electrode are used. () Harmonics
11I. NONLINEAR CIRCUIT INTERACTION FIG. 4. Current parameters for the standard cémeCurrents for the pow-

ered sheathlgg), grounded sheathl £ and wall sheath ). (b) Har-
In this section, results from the combined plasma equipmonic content of the steady-state sheath currents.
ment circuit model are described for the capacitively coupled
GECRC. The motivating factor behind this choice of reactor

is the extensive experimental electrical data that is available, . tor The densities of metastable(Ar*) and Ar" ions in
,15-17 : :

for the GECRC**~*"The geometry of the GECRC is ShoWN ¢ reactor are also shown in Fig. 2 for pure Ar at 100 mTorr

in Fig. 2. The reactor has two parallel plate electrodes space s pressure, 100 tamplitude applied voltage and 10 sccm

2.26 cm apart. The bottom electrode is powered and the t0ps fiow. This particular simulation will be referred to as the
electrode is grounded. Gas flows in through a showerhead B andard case.

the top electrode and it is pumped out at the bottom of the |, e first set of results, only a blocking capacitor and rf

supply are connected to the powered electrode. For the cir-
cuit simulation, the reactor was divided into three surfaces

Alps las Ylws each with its own sheath, as shown in Figa)3 The first
i P Sheati |+[G Sheath| W Sheath | surface is the powered electrode, the second is the grounded
+ ) electrode and the third constitutes the dark space shield
Re Re Rs which is also connected to groun@ince the plasma density
tL ¢, is low near the outside chamber walls, little current flows
. through the walls and they have been neglected in the circuit
ROAS model. Simulations were performed including the outer walls
= = == as a fourth surface, and the results are essentially the same as
(a) the three-surface circujtThe third surface consists only of

portions of the dark space shield which are close to the

50 T T T T T T T
/\&s’/\_—’/ plasma region(shown cross hatched in Fig,).2We con-

OFr Vsi+Ve1 - firmed that negligible current flowed through the remaining
< portion of the dark space shield. To save computation time,
S S0r 7 we also lumped together the sheaths at the top and bottom
§-1oo |/ Voi 7 | dark space shields. The resulting steady-state sheath voltage
2 drops and blocking capacitor voltage are plotted in Fitp) 3

-150 Ves ] for the standard case. The corresponding sheath currents are
shown in Fig. 4. To balance the ion and electron currents
-200 e — flowing through the grounded and powered surfaces, the

58.84 , 59.00 . . )

Time (us) blocking capacitor has charged to a negative voltage, the dc

®) bias. The sheath voltages are characteristic of what one
FIG. 3. Circuit parameters for a three-surface, three-sheath m@ldhe ~ Would expect in a capacitively coupled dischafg&he volt-
simplified circuit model for the GECRCR, G, W denote powered elec- age at the powered electrodés; + V1, is almost a shifted
trode, grounded electrode and wall sheag=300 nF in this simulation,  ginusoidal and has few significant higher harmonics. The
although the dc bias amplitude is not sensitive to the value of the blockingcurrents through all the surfaces are. however fairly nonlin-
capacitance(b) The steady-state blocking capacitor voltadk-{), sheath . . o
voltages Ves = grounded sheathVps = powered sheathand voltage at ~ €ar, and the second and third harmonics have significant am-

powered electrodeMg; +V¢;) for the standard case. plitudes. The current that flows in through the powered elec-
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FIG. 6. Plasma characteristics as a function of pressarelc bias at 100 V
applied voltage;(b) electron density at 100 and 500 mTorr. Decreasing
— pressure produces a more asymmetric discharge and a more negative dc
< bias.
[}
8
L0
g
x shown in Fig. 6. At higher pressures, the plasma is more
. _ tightly confined between the two electrodes with less current
*’5,/’ Min. in experiment being collected by the dark space shield, as shown in Fig.
- I L L s 1 . . .
; 2040 80 120 160 6(b). Since the discharge tends to become more symmetrical,
¢) RF Voltage at powered electrode (V) the magnitude of the dc bias decreases.

The plasma model has been validated by comparison of
FIG. 5. dc bias in the GECRC fOf different Supply voltage:éa)thO, (b) two_dimensional A’r' and Ar+ prof"es to experimenta| re-
isgn?j?r?g(;@eiggrirpn?\rt;lTc?:t[;qgfgirs]uer:t] ;?an;'\?_'mSUCT :ﬁggﬁ;‘g;hi s sults under similar conditions where both quantitative and
(19947 have also been plotted. systematic agreement were gcfﬁd?or circuit parameters in
additon to the dc bias, the model generally agrees well with
experiments, although there are a few systematic discrepan-
trode divides almost equally between the grounded electrodeies. For example, the magnitude and phase of the imped-
and dark space shield under these conditions. ance of the sheath at the powered electrode and rf current
Using the same circuit as shown in FigaB we varied flowing through it are compared to experiments for 100
the gas pressure and supply voltage. The resulting dc biasesTorr in Fig. 717 We find that the predicted impedance is
are shown in Fig. 5 along with the corresponding experimenslightly higher at low applied voltages, which results in
tal datal® The limits of the experimental data in Fig. 5 are lower than observed currents. The simulation results are,
the minimum and maximum values obtained by a number ohowever, within 10%—20% of the experiments.
different research groups. The dc bias is plotted as a function The impedance4{=R+iX) of capacitively coupled dis-
of rf voltage amplitude at the powered electrode as opposecharges is highly reactiveX|>R). For efficient power cou-
to the supply voltage. The results from the model agree welpling, matching networks are often used inbetween the
with the experiments throughout the range of pressures amubwer supply(which tends to be resistiyeand the reactor.
rf voltages. At all pressures, the amplitude of the dc biasMatching networks aré C circuits which can have several
increases nearly linearly with applied rf voltage. Due to theconfigurations. To illustrate the effects of the type of match-
asymmetrical nature of th&—I| characteristics of the two ing network on the plasma characteristics, we considered the
electrodes, as the applied voltage is increased, electron cumwo circuits shown in Fig. 8. All conditions are identical in
rent increases more at the powered electrode than thie circuits except for the matching network. The network
grounded electrode. The dc bias voltage, therefore, increasshown in Fig. 8a) is a T-network, while that in Fig.@®) is a
to balance the two. At a given rf voltage, the magnitude ofll network. The component values were chosen such that the
the dc bias decreases slightly as pressure is increased, ®g matching networks are exact transforms of each other at
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£
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T T T T T T & = =
< N ~
2] = Experiment - B (=)
T = ~
s & -8 -
g 9 (b)
o O
.3 B Simulati Ny I . ) )
Y imulation FIG. 8. Alternate matchbox circuits which are equivalent at the first har-
@ 70 T monic. (a) T network, (b) IT network.
T 5 A
-60 v 4 L L L .
© 60 80 100 120 140 160 that subtle circuit changes can have on electrical parameters
Supply Voitage (V) used for real time control. Since our intention was to dem-

FIG. 7. Validation of predicted electrical characteristi@.rf current flow-  Onstrate that nonlinearity of the plasma CaUS?S rf plasma pro-
ing through the powered electrode sheath as a function of rf voltage acessing reactors to interact differently with different match-
powered electrode at 100 mTorr. Experimental results are from Hargiﬁng networks that might have identical characteristics at the

et al, Rev. Sci. Instrum65, 140 (1994. (b) Magnitude and phase of the .
impedance at the powered electrode sheath. Experimental results are frofandamental frequency' no attempt was made to optimize the

Sobolewski, IEEE Trans. Plasma S2B, 1006 (1995. IT and T circuits separately.
In the T-circuit we used a supply voltage of 125 V. The

first harmonic voltage at the powered electrode was 177.3 V.
the fundamental frequency of 13.56 MHz. Plasma simulaThe plasma is highly capacitive while the matching network
tions were performed for both match boxes using operatings inductive. Voltages at different nodes in th€ circuits
conditions similar to those for the standard case. If the elecean therefore be higher than the supply voltage, as we ob-
trical character of the plasma was linear, the plasma’s reserved, due to resonant effects. The plasma conditions ob-
sponse to the two circuits would have been identical. Theained for any given circuit depends on the voltagds,
results from the simulation, however, showed that the ddundamental and harmonicat the powered electrode which,
biases obtained with the T arld networks are different, unfortunately, are not related to the supply voltage in a
—123.49 and—114.91 V, respectively for a supply voltage simple manner since the plasma is nonlinear. For example,
of 125 V. The dc bias develops due to the rectifyimpn-  we ran another simulation in which the supply voltage for
linean nature of the sheaths. Although the two matching netthe T-circuit was decreased from 125 to 90 V. The dc bias
works are equivalent at the fundamental frequency, they beand fundamental voltage decreased approximately by a fac-
have differently at other frequencies. For example, theor of 1.39, which is essentially the same as the ratio of the
Thevenin equivalent impedances of the two circuits at thesupply voltages. However, the second and third harmonics
second harmonic are 241.1% i467.8 ) and 259.43+ decreased by 1.55 and 1.7 times, respectively. Since the har-
1663.56(). As a result the overall electrical characteristics,monic content of the voltages at the electrodes depend not
and in particular the dc bias, were different for the two cir-only on the external circuitry, but also on the absolute value
cuits. The resulting plasma characteristics also were found tof the input signal, the above results suggest that the voltage
be different. For example, the peak electron densities witljor powed should be measured as close as possible to the
the T andIl networks were 3.76< 10'° and 3.58x 10'° electrodes.
cm™3, respectively. The peak Ardensities were 1.6X 10 As reactive and molecular gases are added to Ar, one
12:and 1.51x 10% cm™2 for the T andIl networks. These would expect that the plasma conditions will change and
results highlight the importance of not only properly model-there would be a commensurate change in the electrical char-
ing the external circuitry in rf plasma processing reactoracteristics. For example, we carried out simulations in which
simulations, but also being introspective about the impacup to 5% N was added to Ar. The pressure was kept con-
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FIG. 11. Consequences of including parasitic circuit eleme(ds:the
simple circuit model with parasitic elementsh) steady-state sheath
currents.

stant at 100 mTorr and the supply voltage was 125 V. The
resulting dc bias is shown in Fig.(&® with corresponding
experimental dat® As N, is added, the plasma becomes
more collisional as the inelastic electron mean free path de-
creases. This leads to a better confinement of the plasma in
the inter-electrode region, as shown in Figh)9 which pro-
duces more symmetrical operation and a decrease in the
magnitude of the dc bias.

The GECRC is geometrically an asymmetric capaci-
tively coupled discharge. The grounded reactor surface area
is much larger than the powered electrode surface area, and a
large dc bias is needed to balance the ion and electron cur-
rents through the electrodes. The actual dc bias ultimately
depends on the relative axial and radial diffusivity of plasma.
This dependence is shown in Fig.(&0 where the dc bias is
plotted as the electrode spacing is varied. All other dimen-
sions of the reactor are kept constant. Conditions are similar
to those for the standard casE00 mTorr, 100 V. As the
two electrodes are brought closer together, a larger portion of
the current from the powered electrode flows out through the
grounded electrode. Since the surface areas of the two elec-
trodes are equal, the discharge tends to become more sym-
metric as shown in Fig. 1B), and consequently the dc bias
amplitude decreases. As the electrode separation increases
the dc bias saturates. In this regime, the grounded electrode
is far enough from the powered one that a large portion of
;[_he current flows out through the dark space shield. At this
point the discharge cannot become significantly more asym-
metric, and the dc bias saturates close to the supply voltage.
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Experimental current and voltage wave forms often havearodes. The plasma characteristics correspond to the particu-
significant higher harmonic structure superimposed on théar set of voltages that appear at the electrodes and not to the
fundamental wave form¥.One factor that can contribute to supply voltage. Since the plasmas are nonlinear, the supply
these higher components is the stray resistance, capacitanaed electrode voltages are not related to each other in a
and inductance of the circuit and the reactor. To demonstrateimple manner. It is, therefore, best to measure the voltage as
these effects, we added stray elements to the circuit of Figclose as possible to the electrodes. We also investigated the
3(a), producing the circuit shown in Fig. 1d. The compo- effect of stray coupling. The strdyC oscillators were found
nent values were obtained from SobolewSkDther than the  to resonantly amplify some of the higher harmonics which
changes in the external circuit, the simulation conditionsadded structure to the voltage and current wave forms.
were the same as those for the standard case. The currents
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