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The Effect of Plasma Loading on Impedance as Observed
in an Inductively Coupled Plasma Source

Melissa Wessels
Department ofPhysics, Smith College, Northampton, MA

Inductive discharges have been studied using a Transfonner Coupled Plasma source driven
at13.56 MHz, where the inductive coupling process between the driving coil and the
plasma is modeled as an air-core transformer. The effect ofthe plasma loading is seen in
the primary circuit as achange in the impedance by an amount ofp+jx. The purpose of
the investigation is to observe this effect, and the correlations between pand x> tli©
absorbed power. This is achieved by relating the external electrical quantities ofvoltage,
current, and transimtted power, and the calculated characteristics ofthe driving coil. In
order to accomplish this task, ashielded voltage divider was designed and constructed to
produce reliable voltage measurements despite the large amount ofrfinterference produced
by the high-power rfinductive coupling. Acorrelation between pand the absorbed power
was observed, with increasing change in primaiy resistance for increased absorbed power.
Acorrelation between the change in the primary reactance and the absorbed power was not
observed. This may be due to the large error present in the transmitted power
measurements.

L Introduction

This study is p^ ofalarger investigation that seeks to better understand the physics ofhigh-
density, inductive discharges now being used for materials processing.*In an inductively coupled
plasma source, the plasma is produced by applying aradio-frequency voltage across anon-
resonant driving coil. The process gas near the coil experiences breakdown as electrons within
the g^ gain energy in the induced electric field, and are able to ionize neutral atoms through
collision. This process is modeled as an air-core transformer, where the driving coil is the primaiy
circuit, and the plasma acts as the secondary circuit. Figure 1illustrates this coupling.

'J.T. Gudmundsson and M.A. Lieberman (1996)^4 Simple Tran^ormerModelApplied to
aPlanar Inductive Plasma Discharge, Memorandum No. UCB/ERL M96/3, University of
California, Berkeley



Fig.1:The transformer circuit (a) The primary circuit has inductance Lo
md resistance ^ and the secondary circuit consists ofgeometric
mdu^ce Lj, electron inertia inductance L, and the plasma resistance R-.
0))inesec<mdaty circuit transformed into the primary circuit The changemprimary circuit impedance due to plasma loading is p+Jj^.

Ro Md Lo are the resistance ud the inductance ofthe driving coil, respecthrefy. R, is the plasma
reast^ Lj is Ae gTOm^c inductance ofthe plasma, and is due to the plasma current path.

'.IS uierta mductance. As seen when the secondary circuit is transformed imo thepnm^cmt, the effect ofplasma loading is achange in the impedance ofthe primary circuit by
2D SDlOUDt p ^

Tte inve^gation^ks to observe this effect, and to determine the values ofpand x, as they
rdate to foe coil charactaistics as seen with and without plasma coupling, and foe applied

el^cal qimtities ofpower, voltage, and current. To accomplish this objective, a
gelded vo tage divider has bwn designed and constructed to yield reliable voltage measurem.
espi e e arge amount ofrfinterference due to the high-power rfinductive coupling.

n. Apparatus and Procedure

The Transformer nmipled Pla..ima .Snnrr...

Figure 2IS aschematic offoe Transformer Coupled Plasma (TCP) source used to conduct foe
experiment.

^id., p.3
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Fig.2^: Schematic ofthe TCP source.

Tie ^ce is powered by a1kW Heniy lOOOD Radio Frequency Power Generator connected to
m^ching network at adriving frequency of13.56 MHZ'. The primary cofl

^errS ' three-turn, copper coil, 0.06 cm thick, and 1.9 cm wide, with anouter radnis of9.09 arid even spacmg between turns. It is placed 0.3 cm away from aquartz
in™ chamber whereatgoti^gas IS fed. The rfcurrent mthe coil mduces an electric field within the gas- filled vacuum

br^own process, and producing an argon plasma. The plasma
then streams toward the wafer where the materials processing is done. ^
Vokaee Divider r.imnt ngqpp

^ voltage divider monitors the voltage across the primary coil from its high voltage point at its
^ I t" ^ ^ *0 P«>«»"ce outputvoltes that can be viewed and measured on aHP 54600A oscilloscope. The voltanes across the

oscilloscope has amayimiim voltage input of400 V
'"Se amount ofrfimerference, whereby

and Ae ii^.i/ iT ^ mductive coupling between Ae voltage divider circuit
diagram

Lieberman (1996) RFPlasmaPotentialandSurface
""c CoupledPlasnu, Source. Memoranrto NoUCB/ERL M96/14, University ofCalifiMnia, Berkeley, p.2

*See Gudmundsson and Lieberman^ p. 3
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Fig. 3: The voltage divider circuit diagram. The boxes indicate shielding,
while the dotted lines indicate where coaxial cable connections were made.

The shielding was at^mplish^ by encasing the circuit components within two small grounded
aluminum boxes, as indicated in figure 3. The boxes were connected by coaxial cable with a
characteristic impedance of50 ohms. Inside the matching network, acoaxial cable with a solid
copper outer conductor was used toconnect the right edge ofthe first box tothe outside ofthe
network, to ensure proper shielding. From the matching network to the second box, outside the
TCP source, approximately six feet ofbraided coax was used with an outer braid around, forming
atriax system. The braided coax connects to the second box which is attached to an oscilloscope
by aBNC-type connector. The nominal 3pF capacitor was kept just outside the first box because
it carries high voltage on its anode. Awire lead fi*om the capacitor, 6cm in lengthy was required
to connect the voltage divider tothe center ofthe coil. Associated with the wire lead is some
additional capacitance. The c^ackance across the capacitor and this lead was measured using a
HP 8753A Network Analyzer. The measured value was 3.9 pFdb 0.2 pF. Therefore, the lead
adds approximately 0.9 pF to the nominal capacitance ofthe circuit.

Calibration ofthe VoltageDivirfgr

Analyzing the voltage divider circuit, the output voltage, Vout, can be written as

Vour = 25/

where

Df

IN

(50+t^)

Substituting (2) into equation (1),

u _ / 257<oC , „ _ ,50 ytoC + 1250 „
4. 2500 a>^C' ^

Therefore, the ratio ofthe amplitudes ofVqot and can bewritten as

4

(1)

(2)

(3)



Kut\'
= (

50 G>C
^ (-

1250 co^C^

4 + 2500 4 + 2500 co^c r̂)^ (4)

The voltage division, D=Vout/Vwas calculated as afunction offrequency,/, where/is equal to
the angular frequency, <y, divided by 27i. These calculations used 3.9 pF for the value ofC, taking
into account the capacitance ofthe unshielded lead. The calculated theoretical values were then
compared to experimental values measured with the network analyzer. The network analyzer
applies an input voltage and measures the voltage division fector, D, in dB. Ten measurements
were taken at each of16 different frequencies, and the average and standard error were
calculated. The theoretical and experimental values are summarized in Table 1, where the voltage
division is recorded in dB. Note that =20 log D.

Frequency
[MHZ]

Voltage
Division

(Theoretical)
IdBl

Voltage
Division

(Experimental)
[dBl

3 -60.7 -59.7

5 -56.3 -55.5

7 -53.4 -52.6

9 -51.2 -50.4

n -49.4 -48.7

13 -48.0 -47.3

13.56 -47.6 -47.0

15 -46.8 -46.2

17 -45.7 -45.3

19 -44.7 -44.3

21 -43.8 -43.3

23 -43.0 -42.5

25 -42.3 -41.7

27 -41.7 -41.1

29 -41.0 -40.3

11 .10 7

Table 1: Ac(miparisQn ofthe theoretical and experimental values for the
voltage division vs. frequency. The reported e3q)erimental values are the
calculated averages often measurements taken at each frequency. The
standard error in theexperimental values varies from 0.04% to 0.2%.



Figure 4 is a plot ofvoltage division vs. frequency. The small discrepancy between the theoretical
and experimental values is due to the added capacitance ofthe unshielded lead. Using the
measured e7q}erimental values, Cwas calculated ateach frequency. The average value ofCwas
found tobe 4.2 pF ±0.1 pF. This value is within the uncertainty ofthe measured value ofC, 3.9
pF ± 0.2 pF.
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Fig. 4: Aplot of voltage division asa function of frequency. The uncertainty in
the frequency is estimated to be tO.OI MHz.
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Ofparticular interest is the voltage division fector at the frequency of 13.56 MHZ, the driving
frequency ofthe plasma source. The measured value ofD^ at 13.56 MHZ is -47.01 dB ±0.02
dB. This corresponds to avalue ofD at 13.56 MHZ equal to 0.00446 ± lE-5.

The Experiment

The voltage divider was soldered into the matching network as shown in figure 5.
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Fig. 5: The circuit diagram showing the power supply, the matching
network, the voltage divider, and the inductive coil.

The current is monitored with aPearson coil, model 411. Both the current and the voltage signals
aredisplayed onan oscilloscope. A Bird Electronics Model 43 watt meter measures theincident
power flow tothe coil, Pand the reflected power, The power dissipated in the coil then, P,
isthe difference between these two readings, P ~P^ -Pj^. The first set ofdata was recorded
when no plasma was present in the reaction chamber. The power was varied between 30 Wand
250 W, and the matching network was tuned at each increment to ensure maximum power
transfer (P^ «Piac) fi'om the supply tothe inductive coil. At each power increment, the peak to
peak voltage, V,,^, and current, ]^, were measured on the oscilloscope. Next, an argon plasma
was initiated in the reaction chaml^. The e}q>eriment was repeated for gas pressures of 10,30,
and 50 mTorr, and for power increments between 20W and 700W. For each power increment, at
each pressure, Vp^ and were recorded. The error in the power measurements is estimated to
be ±5% ofthe measurement due to reading error, plus an instrument error of±5% ofthe power
meter scale's full range. The incident power scale measured a mavinuiin of1000 W, while the
reflected power scale measured a maximum of 50 W. The uncertainties in andL - are
estimated to be ±0. IV.

in. Observations and Analysis

Table 2contains the raw data collected for the experiment conducted when no plasma was
present, along with the calculated root-mean-square values of and and I,f are given by
the following equations.

»v=
Z^*D

(5)



/ = p p

2yp.*K
(6)

Dis the voltage division fector 0.00446 ± lE-5. Cis the calibration coefficient, equal to20 NV.
It is theproduct of thecurrent monitor specification and a factor of two due to a 50 ohm
terminator that was used during measurements. Kis the high fi'equency response and is designed
to compensate for a shift incalibration at high fi-equencies. The value of is 1.616 and was
obtained fi'om acalibration chart produced by Pearson. The uncertainties in and are given
by equations (7) and (8). The uncertainty in Vrf varies fi-om 0.5% to 1%, while the uncertainty in
Irfranges fi'om 1% to 3%.

• <V,>' <#''• •w
P P

dl
P-P

P[W1 v„[V] v^m um If [A]

30 7.8 618.3 2.6 11.4

50 8.4 665.9 2.8 12.3

65 10.8 856.1 3.5 15.3

80 12.0 951.3 3.9 17.1

100 13.0 1030.5 4.1 17.9

135 14.3 1133.6 4.6 20.1

185 16.4 1300.1 5.3 23.2

200 17.0 1347.6 5.5 24.1

230 18.1 1434.8 5.8 25.4

7sn IRQ lAQR-)
7^1

Table 2: Measured and calculated values ofvoltage and current as a
function ofpower, when noplasma ispresent within the reaction chamber.

(7)

(8)



This data yields the values ofR^, and L©, and allows for a comparison to the data collected when a
plasma is present in the chamber, and subsequently for the calculation ofthe change in primary
resistance, p, and reactance, x» due to plasma loading. When no plasma is present, the ratio ofthe
voltage to the current inthe primary ofthe transformer circuit offigure 1can bewritten as

(9)

Therefore,

= (,—f* (10)
\iy

And solvingfor Lq,

=(I^ - (_^)J )/ <0^ (11)

Then, R^, can be found, where

j? P
^ = 77^ (12)

Table 3shows the calculated values ofL© and R^ as a fimction ofpower along with their averages.
The average value ofLo is657.0 nH ± 3.7 nH, while the average value ofRo is0.10 Q±O.OlQ.
The uncertainty in each ofthese values was found as the standard error.



PIW] LolnH] Ro[QJ

30 637.9 0.05

50 637.9 0.11

65 656.1 0.08

80 654.3 0.07

100 674.2 0.09

135 661.0 0.11

185 658.0 0.12

200 657.2 0.12

230 663.6 0.13

250 669.8 0.13

AVG 657.0 0.10

Table 3: Lq and as afunction ofpower, and their calculated averages.

The raw data collected for the experiment performed with plasma present within the reactor
chamber is summarized in Table 4, along with the calculated rms values ofvoltage and current.

10 mTorr 30 mTorr 50 mTorr

P

m m
Vk
m

Vp
m

Irt
[A1

v„
m

Vk
m fA] m m

Vp Irf
lAl

20 6.0 475.6 1.9 83 6.1 483.6 2.0 8.8 5.8 459.8 1.9 8.3

50 8.6 681.7 2.9 12.7 12 570.8 2.4 10.5 6.7 531.1 23 9.6

80 8.6 681.7 2.9 12.7 7.5 594.5 2.4 10.5 6.8 539.1 2.3 10.1

100 9.1 721.4 3.0 13.1 in 610.4 2.6 11.4 7.5 594.5 2.5 10.9

200 10.9 864.1 3.6 15.8 9.4 7453 33 14.0 93 7293 3.1 13.6

300 12.5 990.9 4.1 17.9 11.3 895.8 3.7 163 11.1 879.9 3.7 163

400 14.1 1117.7 4.6 20.1 12.8 1014.7 43 18.4 12.7 1006.8 43 18.4

500 15.5 1228.7 5.1 223 143 1125.7 4.7 20.6 14.1 1117.7 4.7 20.6

600 16.6 1315.9 5.5 24.1 15.5 1228.7 5.1 22.3 15.5 1228.7 5.1 22.3

700 17.7 1403.1 5.8 25.4 16.4 1300.1 5.5 24.1 16.4 1300.1 5.5 24.1

Table 4: Raw data and calculated values of and for the experiment
conducted with plasma present at 10,30, and50 mToir.

10



Figures 7 and 8 are plots of and 1^ as functions ofP, the power dissipated in the coil. The
plots are linear, as anticipated, showing increasing voltage and current with increased power.

The total inductance seen in the primary circuit, L„ is calculated by equation (11), substituting for
Vrfi Irfv and P, those values recorded in Table 4. Table 5contains the calculated values ofL,for
plasma pressures of 10,30, and 50 mTorr, asa function ofthe power transmitted to thecoil.

PIW] LslnH]
10 mTorr

LslnH]
30 mTorr

LslnH]
50 mTorr

20 671.5 648.5 649.1

50 630.6 637.9 647.5

80 630.6 664.4 628.6

100 645.0 629.7 637.8

200 643.8 624.5 630.9

300 648.2 649.3 637.8

400 651.7 647.9 642.8

500 646.1 642.3 637.8

600 641.7 656.1 646.1

700 648.8 633.9 633.9

Table 5: Total inductance as seen in theprimaiy circuit asa function of
power and pressure.

The calculated uncertainty in L,varies from 0.7% to 1.3%. x the change in the primary
reactance dueto plasma loading and is calculated as

X = - (oLq (13)

Where x is calculated, theaverage value of Lq isused.

The power absoibed by the plasma differs from the power incident on the driving coil, and can be
calculated by subtracting the measured power when no plasma ispresent from that measured
when plasma is present in the chamber, for equal values of1^. Finding the absoibed power allows
for the determination ofthe change in resistance due toplasma loading, p, as follows.

11
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= p •mth plasma~^-without plasma ^l^rf " (14)

Ri is the total resistance seen in the primary circuit when plasma is present and inductive coupling
is taking place. Rj-Ro = p, therefore.

P =
abs (15)

The values ofP^, -x» and pas functions ofthe power transmitted to the coil, and plasma pressure
are summarized in Table 6.

1 10 mTorr 30 mTorr 50 mTorr

PfWl P..IW1 -zlQl PfQI P.h[W| -zlQl PlQl P..fWl 1 piQi
20 39.8 -1.23 0.58 33.9 0.72 0.44 39.8 0.67 0.58

50 10.2 2.25 0.06 40.0 1.63 0.36 51.9 0.81 0.56

80 40.2 2.25 0.25 70.0 -0.63 0.64 76.0 2.42 0.75

100 54.3 1.03 0.32 78.1 2.33 0.60 84.1 1.63 0.70

200 118.5 1.13 0.48 142.4 2.77 0.73 148.3 2.22 0.81

300 188.8 0.75 0.59 212.6 0.66 0.81 212.6 1.64 0.81

400 259.0 0.45 0.64 282.8 0.78 0.84 282.8 1.21 0.84

500 329.2 0.93 0.66 353.0 1.25 0.84 353.0 1.64 0.83

600 405.4 1.31 0.70 429.2 0.93 0.86 429.2 0.93 0.86

70ft aR7S 0 70 0 7^; SOSd 1 07 0R7 SOS a 1 07 ==022=

Table 6: Absorbed power, -x, and pas a function ofpower and pressure.

Figures 9,10, and 11 are plots ofpas afunction ofabsorbed power for the three gas pressures.
The uncertainty in the absorbed power is due to the large uncertainties in the transmitted power
measurements, and wmes from 20% for larger values ofP^, to 190% for smaller values.
Because the calculation ofpinvolves the absorbed power values, the uncertainty in pis also large,
varying between 20% and 137%. Despite the large uncertainties, atrend in the data is observed,
where the change in the primary resistance increases with increased absorbed power.

Figures 12,13, and 14 are plots ofvs. absorbed power. The change in the reactance, x> is very
small, and so even the moderate uncertainties in L® and L, of0.5% and 1.3%, are large enough, so
that when propagated though, the result is alarge percentage error in xthat varies from 26% to
133%. Unfortunately, it is not clear whether there exists acorrelation between the change in

12
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primary reactance and theabsorbed power. A more precise measurement of the transmitted
power and a larger collection of data may yield better results.

IV. Conclusion

Inductive discharges have been studied using a Transformer Coupled Plasma source powered at
13.56 MHz, where the inductive coupling process between thedriving coil and the plasma is
modeled as an air-core transformer. The effect ofthe plasma loading is seen in the primary circuit
as a change in the impedance by an amount ofp +]%. The purpose ofthe investigation isto
observe this effect, and the correlations between p and x, and the absorbed power. This is
achieved by relating the external electrical quantities ofvoltage, current, and transmitted power,
and the calculated characteristics ofthedriving coil. Inorder to accomplish this task, a shielded
voltage divider was designed and constructed to produce a reliable measurement ofthe voltage
across the driving coil despite the large amount ofrf interference produced by the high-power rf
inductive coupling. The voltage division was determined for a driving frequency of 13.56 MHz to
be -47.01 dB ± 0.02 dB. The experiment was conducted where the coil current, the voltage, and
the transmitted power were recorded when no plasma was present inthereaction chamber. This
data yielded the values ofR^, the coil resistance, and Lq, the coil inductance. The experiment was
repeated with plasma present within the chamber at pressures of 10,30, and50mTorr. A
comparison with the datacollected withno plasma present, allowed for the determination ofthe
effect ofplasma loading. The change inprimary impedance was calculated and plotted asa
function ofabsorbed power. Acorrelation between p and theabsorbed power was observed,
with increasing change inprimary resistance for increased absorbed power. A correlation
between the change inthe primary reactance and the absorbed power was not observed. This may
bedueto thelarge error present inthetransmitted power measurements.
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