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An improved method for the measurement of the power consumed in low pressure, radio frequency
discharges is presented. The method involves the measurement of current and voltage waveforms
outside the reactor, and the determination of the discharge impedance and the network of parasitics.
The measured waveforms are transformed to the equivalent ones at the powered electrode, by using
an electrical circuit model of the stray impedance of the cell, with experimentally determined
components. A tunable shunt circuit is used for minimizing displacement currents. The equivalent
circuit contains elements which account also for resistive power losses in the cell-shunt circuit. The
obtained discharge power is compared with measurements of the total power output of the generator
made by a power meter. Results concerning power consumption and impedance in argon and silane
discharges are presented as a function of the excitation voltage and the pressure. In both cases there
is a discharge impedance drop, for higher voltage or pressure, which leads to higher power
consumption in the discharge. The measurements show that only a small, nonconstant part of the
power is consumed in the discharge, whereas, the inclusion of resistive loses leads to more accurate
results. The mechanisms of the discharge impedance drop are further discussed in terms of their
relation to microscopic plasma phenomena and guantities19@6 American Vacuum Society.

[. INTRODUCTION components, after extinguishing the discharge. For this tech-

. . nique to work, the losses in the matching network should be
_ Capacitively c_oupled low-pressure ra_d_lo-frequer(c@_ small, however, this is not true in most of the practical
discharges are widely used for the deposition and etching Oéases(’

materials in thin film technology. The problem of accurate

control of the Macroscopic parameters is commonly encoun Other techniques use in line power meters to measure the
. pic p IS CC nly UNjissipated power in the discharfe! For this purpose, the
tered in all these plasma processes. This is particularly true

for plasma chemical-vapor depositiitVD), where the generator output power is measured once with the discharge

deposition rate and the qualitative characteristics of the de\(;nl’t and ?rr;]otherv\\:vr;h dtihei dlicgaggeihoff,d:orrt]h? saimet:hdrrl]vmg:_
posited films depend on the exact plasma conditiolkis oltage. the power dissipated Dy the discharge Is then ca

includes besides pressure, flow rate, temperature, and pow ,Iatt_ed by :Ee ddlffereqce ?f :Eesg ]EWO ql{!antltlte)s. tTtthS ‘ZUb
other parameters like the discharge geometry or the depos‘ir-aC Ive method can give turther information about the dis-

tion history which in turn can affect the way power is charge impedance, if the settings of a proper matching
coupled to the discharge, because of the change in transf8FtWork are recorded.
impedancé Therefore, the investigation and control of the _ Other methods use voltage and current measurements.
electrical properties of such discharges can give an insight it e main difficulty in these methods is, the fact that the
these aspects and help in further understanding and controf©!tage and current measurements are made outside the re-
ling the process. Furthermore, it can reveal useful relation@ctor. However, the existence of a stray impedance between
between those parameters and microscopic plasma phenoﬁh‘e point of measurement and the electrode surface interferes
ena, like ionizing or decomposing collisions and electronWith the direct measurement of the plasma impedance. In
heating mechanisms, and quantities like charge carrier defrder to overcome this inconvenience, some studies have
sities and energies?® used dummy loads for determining the stray impedance of

Several methods have been proposed in the past, for tHe reactor or embedding network:*The connection of the
determination of the impedance of a gas discharge and th@ummy load between the electrodes however, introduces a
power that is actually consumed by it. The experimentalsource of error because the rf contact conductivity changes
techniques can be grouped, based on the measured physi€&ich time the contacts are reconnected. A two-port circuit
quantities, in four categorie$a) output impedance measure- model is alternatively used for the stray impedance charac-
ments,(b) in line power meter measurements), voltage and  terization of the reactor itse 14 or the matching unit and
current measurements, afd) calorimetric determinations.  the reactor as a whofeln this approach, the network of

In the first case, the discharge impedance can be obtaing@rasitics is treated as a black box, containing arbitrary re-
as the complex conjugate of the output impedance of a cosistive, inductive, and capacitive elements. Other studies
rectly tuned matching netwofk® This can be measured have used variations of these techniques to correct for the
with an impedance bridge, or calculated from the networkstray impedance or to avoid interference fronrit8In this
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context, the GEC group has proposed a general method for

the electrical characterisation of gas discharges in the GEC ‘ D
reference celt? in their analysis, however, they do not take OSCILOSCOPE
into consideration any resistive losses.

A pair of methods use calorimetric techniques for calcu- CORSENT || VorTade

lating the power losses on the matching network and the
cables and subtract this value from the total power measured

with an in-line power meter with the discharge in . ‘F‘
operation®2° In this way, the power dissipated by the dis- INLINE

charge can be calculated, but no data for its impedance can METER i T

be extracted, while the methods are laborious and difficult tq «r K N
apply in usual discharge chambers especially in low power fomy NETWORK :% /lj—_\\_' \
conditions.

The major requirements of an impedance and power mea-
surement technique are: relative simplicity and applicability
to most of the existent experimental systems. Moreover, the SHUNT GROUNDED RF GROUNDED

. . . . . . CIRCUIT SHIELD ELECTRODE ELECTRODE

method should provide information, without interrupting the
process if control is to be pursued. This excludes methodg_ 1. schematic diagram of the plasma chamber and the electrical connec-
that need special reactor configurations or do not providéons used for power and impedance measurements.
information about the reactor and discharge impedance. This
is particularly true for discharges of film depositing gases
which can alter the discharge characteristics by covering thamplitude and phase of the five first harmonic components
conductive surfaces. were extracted by a discrete Fourier transform technique.

In this study, impedance and power measurements werthe total power output of the generator is measured by a
performed in a parallel-plate CVD reactor. An electrical BIRD 4410A thruline wattmeter.
equivalent circuit accounting for the stray impedance of the The determination of the voltage and current waveforms
cell is used in order to convert the current and voltage waveat the rf electrode involves the calibration of the probes for
forms measured outside the chamber, to equivalent wavesropagation delay errors, the construction of an equivalent
forms at the rf electrode. An inductive shunt circuit is thencircuit accounting for the components of the cell, the con-
externally connected for increasing accuracy. The electricahection of a shunt circuit for minimizing the displacement
circuit is complemented in order to account for power lossesurrents generated by the stray capacitance of the cell, and
due to stray resistance both in the shunt circuit and the cethe experimental determination of the values of the actual
itself. This is done in a simple way which both increases thecell-shunt circuit components. The method is described in
accuracy over previous approaches, while making thehe following paragraphs.
method applicable to all plasma deposition reactors without
the need for a special qhamber construction. In this €8s bROBE CALIBRATION
results obtained from different, completely characterized,
systems can be compared. Power and impedance measure-In order to perform accurate electrical measurements us-
ments for discharges of noble and reactive gases are prég voltage and current probes, one has to take into account
sented and discussed. the propagation delays in the probes and the probe cables
that connect them to the oscilloscope. In radio frequencies
these systematic errors can be significant, as the signal re-
Il. EXPERIMENT quires a considerable fraction of the rf time cycle to traverse

The experimental arrangement used in our present work ia cable with ordinary length. The shift of a waveform in the
schematically shown in Fig. 1. The design of the cell is detime domain diagram affects only the phase in the frequency
scribed in detail elsewheré.Briefly the cell is a 160 mm domain diagram of a Fourier transform. More specifically, a
wide, parallel plate discharge chamber with 55 mm in diamtime delayt will shift the phase of a signal at frequentyy
electrodes. The electrodes are cylindrically symmetric anén amountp, where p=360%t.
their distance can be continuously adjusted from 0 to 70 mm. The method used for determining the phase shifts of the
One of the two electrodes is powered by an ENI ACG-3voltage and current probéds briefly described here—the
13.56 MHz rf generator isolated with drrtype matching output of the voltage probe was connected to one channel of
network. The rf electrode is surrounded by a groundedhe oscilloscope and the probe tip was attached to the other
shield. A FCC model F-35-1 current probe and a Hameghannel. Then, a sinusoidal reference signal was driven to
model HZ 53 100:1 attenuating voltage probe were attachethe probe tip. The phase difference between the two channels
to the power lead after the matching network as close adetermined the voltage probe phase error. The same was re-
possible to the electrode. The voltage and current signalgeated for several frequencies in order to determine the
were recorded by a Lecroy model 9400 digital oscilloscopegphase error at higher harmonics of the 13.56 MHz funda-
and then transferred to a computer for Fourier analysis. Thenental.
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— T even a small inductancé,, gives a significant impedance,
] jLw, and attention should be paid to the way the connections
are made between grounded conductors. This introduces
voltage drops not only on the grounded parts but also on the
powered ones. Therefore, a stray impedance is present in the
cell from the point of measurement to the point of interest. In
} the present study, the current flowing through the powered
1 electrode into the plasma and the voltage on the electrode
T surface with respect to the grounded shield are used for the
electrical characterization. The measurement of these quan-
1 tities, however, is not straightforward. Due to the stray im-
o pedance of the cell, the current and voltage waveforms at the
00 —~ 1'0 . 2'0 . 3'0 . 4'0 : 5'0 : 6'0 _— point outside the cell, where the probes are physically lo-
cated, will differ from the actual waveforms at the surface of
Frequency (MHz) the powered electrode. This is primarily due to the induc-
tance between the measurement point and the electrode and

Fic. 2. Phase errors of voltage and current probes, due to propagation d?he Capacitance between the electrode and the ground shield
lays, as a function of frequency. Both probes are dispersionless, i.e., the tim ’

delay is independent of frequency, or the phase delay directly proportionelfi §implified L—Q (induCtance_Cap?~Citan)celeCtrical CiI’CUiF

to frequency. All measurements in this work were corrected for these sys(Fig. 3) is used in order to determine the cascade matrix of

tematic errors. the network of parasitics between the measurement point and
the surface of the powered electrode.

The phase error of the current probe was indirectly deter: The electrical analysis of this circuit shows that thi

IJﬁarmonlc component of the complex electrode voltafgg

and voltage in purely capacitive and inductive loads. Withanedrﬁlég;rj:;&acrsnr]eIlztf(\jlotﬁ;hatgnhdarcnafrglrc]:ucot;nponent of

the phase error of the voltage probe corrected, as describg& P % n Y

250 O Voltage
+  Current

Phase error (deg.)

above, one can determine the current probe phase error by =V, oLl 1)
comparing the measured impedance ph#se phase of the enTnomnmhm
voltage relative to the currento the expected values:90° .

: ¢ P len= (1= W2LC)l~ j 0nCV, @

for capacitive loads and 90° for inductive loads. The phase
errors of volltage and current probes are.plotted against fr%’vhere the subscript refers to thenth harmonicw,=nw,
quency in Fig. 2, where data from ten different loads have,nq , is the angular frequency of the fundamental driving
been used for the current probe.. The vemcql s_pread Of,t.hﬁequency(w=27-r 13.56<10P rad/3. For the actual cell pa-
Qata for the current probe curve is due to resistive p‘_"‘ras't'cfameters, however, the parasitic currents are large and the
in the loads that cause the impedance phase to deviate frogyrected values are very sensitive to small errors in the mea-
the ideal values of-90°. Since the data for the two probes g e yajues. The electrode currégtis a very small quan-
can b_e well_fltted with a straight I|n_e, it means that th_e probeqity in relation with the measured curreht. This is because
are dispersionlesghe phase de!ay IS (_j|rectly propo_rtlonal 10 the actual electrode current results as the difference between
frequency. The slope of these lines gives a delay time of 7300 large numbers: the measured current, minus the dis-
ns for the voltage probe, and 11.4 ns for the current prObe'pIacement currentwCV, due to the capacitance between
the rf electrode and the grounded shield.

IV. ELECTRICAL MEASUREMENTS To avoid this difficulty, a shunt circuit consisting of an

In order to determine the electrical properties of a dis-inductorLs and an air variable capacit@;, was connected
charge, one has to know the values of current and voltageetween the power lead and the chamber ground at a point
inside the chamber at all surfaces in contact with the plasmdetween the current probe and the chaniBdihe shunt has
In most impedance analysis and investigations of potentiak net inductive impedance at 13.56 MHz and its purpose is to
distribution in discharges, however, scientists consider twgancel at that frequency the net capacitive reactance of para-
surfaces in contact with the plasma; the rf electrode and thaitics in the cell. The capacitor is used for ease in tuning the
grounded one. They also consider that the ground potential 8hunt and to maintain capacitive coupling to the cell. The
held by the grounded electrode, the chamber walls and thghunt circuit is tuned by exciting the empty céllith no
grounded shield of the rf electrode. However, although alldischarge with a sinusoidal voltage at 13.56 MHz and ad-
these metallic surfaces are in electric contact, they are not alisting the shunt capacitd@ until the measured current is
at the same voltage at any instant of the rf cycle. Voltagehulled. In this situation the net reactang¢el s+ 1/j oCg of
drops with amplitude of 1%—2% of the rf driving voltage, the shunt cancels the net reactanet. + 1/j oC of the cell’s
have been measured between points that are supposed to éguivalent circuit:
both “grounded.” This has been also observed by others
and is due to the extreme difficulty of getting a proper

. . . . joLs+
ground connection at radio frequencies. The reason is that Jobs

) 1
:_(JwL'i‘jw—C). 3

1
joCs
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Fic. 3. The equivalent circuit for the determination of the cascade matrix of the network of parasitics—Theircuit represents the cell parasitics, the
Ls—C; circuit (in the solid box is the shunt circuit connected externally, and fhe-C, circuit (in the dotted bokaccounts for resistive losses in the cell and
shunt circuit.

With the shunt circuit connected, Eqé&l) and (2) that  (Fig. 4). In this way, one can say that in the tuned situation,
transform the measured valu®s, and |, to the electrode the reactant components of the cell-shunt circuit are nulled
onesV., andl., become: and the remaining residual current is due to the resistance

_ 2 . which draws the measured current parallel from the rf power
len= (1= @l C)lin = j@nCVi, @ lead to the ground. The additional capaci@yris introduced
Ven=Vn—jonlLlLn, (5 at the specific point of the equivalent circuit to justify the
existence of the dc bias of the powered electrode which is

where due to the capacitive coupling of the power generator to the
jw,CsV, cell. Its capacitance is considered to be infinite and is not
ln=1In— (l—szsCS) . (6) involved in the calculation§t has zero impedancejC, ,
n

and thus no contribution to phase difference between the
The shunt and the cell however are not pure reactancegpoltage and the residual currgnt
They have also stray resistive components which cause ad- Thus, taking into consideratidR, andC, , the final rela-

ditional power losses upon them. Therefore, the shunt doegons that convert the measured values to the equivalent val-
not exactly null the measured current. It is observed that thges at the electrode are given by the relations:

current takes a minimum value in the tuned situation, that is )

not zero. The remaining residual current=s3.5% of the Ven=Vn=j@nlLlin, @
current without the shunt present. Although the cell itself has

a small resistancdthe phase difference between the voltage

and current without the shunt and in the absence of discharge —— T — T T

is very close to—90°; at least for the first and second har- 60 - - T

monic) by attaching the shunt circuit, additional and consid- I B 1

erable ohmic parasitics are introduced. The large increase in 0 R =1700© 7

precision made possible by the shunt is partly outweighed by I

the above disadvantage. = O |
Measurement of this residual current has lead us to in- ié 30'_ ]

clude in some way the stray resistive components of the cell- ™~ I ]

shunt at the equivalent electrical circuit. Namely, with the 20k i

shunt properly tuned, the input impedan¥g/l; of the i l

empty cell and shunt circuit was independent of the excita- 10} .

tion voltage over the whole range 25 <100 V. More- :

over, this residual current was in phase with the voltage at 00 : 2'0 : 4'0 : 6'0 : 8'0 : 1(')0

the point of measurement with a deviation ©2° when the

cell was driven with a sinusoidal voltage in this range of V (Volts)

voltages. This behavior is equivalent as if the residual cur- _ _ o

rent flows, in parallel to the shunt circuit, from the rf power Fic. 4. Plot of the residual current as a function of thg .drlvmg voltage at
.. . . . 13.56 MHz, with the shunt connected and tuned for minimum current. The

lead 'FO the grognd. This IS taken '_nto_account by introducingneasurements are made in the absence of plasma. The inverse of the slope

a resistanc®| in the equivalent circuit parallel to the shunt of the forced to zero crossing line gives the value of the resistRace
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len=(1— wﬁLC)an—jwnCVn, (8) TasLE |. Equivalent circuit components’ values.
where C (pP L (nH) Cs (PP Ls (nH) R (Q)
Vv, jw,CVi 129 18 187 1786 1700
L= 9

| ,— .
" R (1-wiLCy)

The dissipated powdf can be then calculated frolf, and using Eq.(3). Finally, the resistancB, was obtained by the

len bY: ratio V,/1, of the driving voltage to the residual current, with
15 the shunt circuit in the tuned position. In Fig. 4, this residual
P=3 nzl Venlen COS @en, (100 current at 13.56 MHz is plotted as a function of driving

voltage. The inverse of the slope of the best fitted line which
whereg,, is the phase 0¥, relative tol,, andV.,andl,, is forced to zero crossing, gives the value of this resistance.
are the magnitudes &f,, andl,, respectively. Only the first Note that the addition of this resistance does not disturb
five harmonics exist in current waveform, at least with con-the determination of the values @f L, C, andL, because

siderable amplitude, when the plasma is present. it has been separated from the reactant components of the
cell-shunt circuit, which are fully nulled in the tuned situa-
V. CIRCUIT COMPONENTS tion. The value oR, obtained in this way at 13.56 MHz is

If one can determine the exact values of the eIectricaflsed for the higher harmonics without taking into account

components that are involved in the equivalent circuit, therjfhalt If resistances are f_requency dep_endent due to the skin
the measured values/, and I, can be converted to the effect. The current at higher harmonics that flows through

equivalent ones at the surface of the rf electradg,andl . :Ee resstancgzL ' lrtlowev?rf,]llshnegr?glble, as t.h eI amp;l;]tudel;f f
The values fo. and C were determined by measuring the € measured voltage at higher harmonics 1S less than 1% o

impedance of the cell at the fundamental and the seconﬁ]ali of th? fundamental ar'[] all cl:gsoef/' . litude. th :
harmonic without the shunt circuit. These measurement% “ordvo.ta;gzsf greatt;:rt ?nl ted 'In argpiltuthe, the ratio
were made by exciting the cell without discharge with a 1''1 G€viatedirom tne caicu'ated vaiue [ in the range

13.56 MHz arbitrary wave signal. Voltage and current werg2? Y=V<100 V and, therefore, for these voltages this

recorded with the probes connected at the same point thgguivalent circuit could no more account for the stray imped-

would later be used for plasma measurements. The fung&nce of the cell-shunt circuit. Moreover, in this case the
mental and second harmonic of voltage and cﬁrrent Wavetghase difference between the residual current and the voltage
forms were deduced by Fourier analysis of the measurelf@s notin the range @2° and could not be considered “in

signals. The cell's impedance phdsee phase of the voltage {:)hhase” anymore.tThe ghaseddﬁf?reg_ce ?nd ttr:]et Mil?ﬁ n it
relative to the current, in the absence of plasatahese two ese cases was time dependent indicating that, in these volt-

frequencies was-88°——89° indicating the net capacitive ages, power dissipation in the parasitics produced a signifi-

reactance of the cell and the very small residual componerﬁant rise in the temperature of connection cables, thus alter-

that has been already mentioned. The impedance of the céll9 both the value of th? re_sstan&g and the impedance
was then determined by the ratio of voltage to current: phase of the cell-shunt circuit. The valueRyl, for voltages

below 100 V, remained unchanged even if the discharge was

_ Vi in operation for hours and the measurement made immedi-
Zn= 1 1D ately after extinguishing the discharge.

The values for the electrical components involved in the
equivalent circuit, which is used for the characterization of
the stray impedance of the cell-shunt circuit, are shown in
Table I.

According to theL—C equivalent circuit(Fig. 3) for the
cell parasitics, the impedance of the cell is given by:

Z,=jnwL+

jnwC’ (12)
L and C can be determined by solving the equations thatVI' RESULTS AND DISCUSSION

give the cell's impedance at the fundamental and second har- Power and impedance measurements have been per-

monic: formed for a variety of conditions in film depositing and non
v 1 film depositing discharges. The main discharge conditions
LojoL+—— and (13  are given in Table II.
I wC As it is shown in Fig. 5, which presents the power con-
V, sumed in the discharge, as a function of the peak-to-peak rf
E=j2wL+ m (14)  voltage, for various pressures of argon or silane, there is an

increase of the power consumed in the discharge with in-
For the determination of the shunt circuit components, theereasingV,, or pressure. The effect df,, is more pro-
shunt circuit was connected and tuned. The capacit@ce nounced at higher pressures. This increase is not linear with
was measured with a capacitance meter, after being isolateither vV, or pressure, as it can be seen also in the subse-
from the circuit. The inductanckg was then calculated by quent Fig. 6. An increase of the power consumed in the
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TaBLE Il. Range of experimental discharge conditions for argon and silane.

D (mm) d (mm) 80 | o so0vols .
electrode interelectrode —_ ® 100 Volts
P (mTorn  Vy, (V) f (sccm  diameter distance NE A 150 Volts
o 60F X 200 Volts .
Ar 50-800 50-200 10-20 55 25 §
SiH, 35-100 75-200  10-20 55 25 =
> 40 |
‘@
=1
S
discharge can be a result of the increase in the net current i 20 -
flow, and of a change of the discharge impedance. These £
[a¥

factors depend mainly on the magnitudes of the reactive and |
capacitive components of the discharge that can be translated U U Y Y S
into values of the microscopic parameters like the electron 0 100 200 300 400 500 600 700 800
and ion density and energy, the number of collisions, and the Pressure (mTorr)
characteristics of the sheaths. However, since the current
flow is dependent on impedance, the picture provided by FigElG. 6. The power density as _a_function of argon pressure for 50, 100, 150,
5 is too general to give further insight for these microscopic®"d 200 V peak-to-peak if driving voltages.
parameters.
The plot presented in Fig. 6, gives also evidence for the
existence of different discharge regimes, by the appearanggumber of collisions. On the other hand, at even higher pres-
of a small maximum at around 100 mTorr and of a tendencyures the current flowing through the discharge is limited by
for saturation at higher pressures. Both features are monge given ionization rate at a specific excitation voltage. In
pronounced at higher excitation voltages. At low pressuresany case, there is need for additional analysis in order to give
the discharge is spread in the entire chamber, coming in cory full explanation of the significance of the previous figures.
tact with all the grounded surfaces. When pressure increasesis clear, however, that one can vary the power consumed
the discharge is more confined in the interelectrode spadgy the discharge not only by varying the,, but also by
due to the lower mean free path associated with a largeyarying the chamber pressure at a const4gy. Moreover,
the discharge power is a function of the nature of the gas and
other discharge parameters as it is shown in Fig. 5.

S0 75 100 125 150 175 200 In contrast to the measgrements presented, th.e total power

. r————— 1 ——— measured by the SWR bridge, before the matching network,

T
80 |- - shows small variations of the order af20% when increas-
O 50 mTorr . . . .
F | A 100 mTorr ing pressure, while the power really consumed in the dis-
60 | © 400mTorr | - charge changes more than four times, for highgy. The
L |+ 800mTor reason for this behavior is that most of the power output of
&40F Argon - the generator is consumed in the matching network and the
g stray impedance of the reactor. Thus, it is interesting to see
§ 20 | - the relation of the actual poweR, dissipated in the dis-
= : charge to the nominal poweR,, measured by the power
T oop ——"" A meter, for the same conditions, as it is shown in Fig. 7. This
Z b —m — 4 plot shows that there is no constant relation betwBesnd
_§ I W 35mTorr Py - The actual power is a small non constant fraction of the
e O S0mTorr total power, although again the amount of power consumed
s 15F A 100 mTorr - . R . . . P
= ] in the discharge is higher at high¥p, and pressures. This is
& 10k b. Silane i due to the fact that plasma impedance is changing, and thus
I a larger amount of power is transferred from the power gen-
5L i erator to the discharge. In general, one can write for the
I ) output power of the generator:
0 I ST S V2 V2 V2 RPZE-F RLZ,ZD
Pv=P +P==—= R + = Rp=% ——3=5—,
50 75 100 125 150 175 200 N L ZZE L 22'2) P ZEZ,ZD
V,, (Volts) (15
P RpZ?2
Fic. 5. The power density consumed in the discharge as a function of the rf =—— —— 57 (16)
peak-to-peak voltag¥,, for various pressures @g) argon andb) silane. Pn RpZ{ +R.Zp
The powerP is divided by the surface area of the rf electrode to give power
density in mW/crA. thus:
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T T | — T T T T L— T T T T g T T T T v T T T 1 T T
04 O 50 mTorr - 8000 O 50 mTorr T
A 100 mTorr A 100 mTorr
F <: ggg mIorr 1 [ <& 400 mTorr
03} mw ] 6000 + 800 mTorr 4
> ) o <> 1 _~ [
& oak . S sooo | .
m N
il ﬁ/y _ 2000 - 1
040 1 1 1 1 1 1 1 1 . 1 n 1 L 1 1 O L i 1 1 1 1 1 1 1 I 1 1 L 1
50 75 100 125 150 175 200 50 75 100 125 150 175 200
v, (Volts) v, (Volts)

Fic. 7. The ratio of the poweP, actually consumed in the discharge, to the Fic. 9. The discharge impedanée as a function of the rf peak-to-peak
nominal powerPy, as a function olv,, for various argon pressures. The voltageV, for various argon pressures.
nominal power is measured with an in line power meter before the matching
network and includes, besides the power consumed in the discharge, the
power losses in the matching network and the cell-shunt circuit.
extent that pressure is changing while the amounts of power
consumed in the matching and cables, or the cell and the

P i is-
— 1 for RPZE>RLZZ, shunt remain constant. The observed decrease of the dis

Pn charge impedance is in agreement to the increase of the
P power consumed in the discharge, according to @).

— 0 for RpZ2<R,Z2, This figure presents very well the advantages of the method
Pn used in this work over previous methods that did not take

where,V is the amplitude of the driving voltage®,, is the into account resistive losses. Namely, in this case the amount
total power,P, , Z, , andR,_refer to the matching network Of power consumed in the shunt and cell would be attributed

and cables, the cell and the shunt, whiteZ,,, andR,, refer ~ t0 the discharge, giving an erroneously high discharge power
to the discharge. consumption. Moreover, the elimination of the resistive com-
These relations are true for the case of in parallel connedonent from the equivalent circuiFig. 3) can give in some
tion of both the discharge and the matching, shunt and ceffases, at least for this particular system, positive plasma im-
components, and gives a qualitatively good approximation opedance phase values. This would indicate that the discharge
the real situation. This can be seen in Fig. 8, where the reld?resents an inductive instead of capacitive reactance. Note
tive amounts of power consumed in the discharge, the shurifat the inclusion of the resistive component in the equiva-
and cell, and the matching and cables, as well as the tot#nt circuit makes the method more generally applicable
power, are presented together with the discharge impedanc@ven for the cases when, due to different chamber construc-

It is observed here that the total power is changing to thdion characteristics, the value of this resistance is small.
The discharge impedance shown in Fig. 8, drops at higher

pressures. The same is true for the variation of impedance

< L with V,, as shown in Fig. 9. The value of the impedance at
or ] divhmge 13500 13.56 MHz is given by the ratio of the fundamental compo-
B2 shunt and cell i
5| s nent of the voltage a.mplltude, to the fundamental component
73000 of the current amplitudeY,/l.; at the rf electrode. The
4 Ar: V=200 Volts 1500 complex discharge impedance at 13.56 MHz is given by the
§ N equation:
< 2000 =
L Vv 1 V 1 i
2 - Z=-—"=_"2¢lva=R+jX, (17)
24 4 1500 ler a1
1 .
i where g, is the phase of the fundamental electrode voltage
1000 h o1 IS the ph f the fund tal electrod It
0 - ' - v Vg, relative to the fundamental electrode currdpg, R is
0 10002000 300400 500 600 700 800 the real part or the discharge resistance, drile imaginary
Pressure (mTorr) part, or the discharge capacitive reactance. The real and the
imaginary part are given by the following equations:
Fic. 8. Power consumption in the discharge, shunt and cell, and matching 9 yp 9 y g €q
network and cables, as a function of argon pressure. The rf peak-to-peak Va1
voltage is kept constant at 200 V. The dependence of the discharge imped- R=Z COS ¢g1=-— COS @¢; , (18
anceZ upon pressure is also shown for comparison. le1
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Fic. 10. The reaR and the imaginary paiX of the discharge impedance > i i 1: 50 mTorr
Z=R+jX, as a function of the rf peak-to-peak voltayg, for various |} L 2: 100 mTorr
argon pressures. The real part is the resistive component of the discharge 2§ 3: 400 mTorr
impedance, responsible for the power consumption. The imaginary part -4000 : 4: 800 mTorr
stands for the reactance and is always negative indicating the capacitive :
character of the discharge. Trommes 1
(b) -6000 -
. Ver
X=Z sin Per= 7 - SIN @e; - (19 Fic. 11. The discharge impedance vector in the complex plane. The magni-
el tude of the directed line segment to the point defines the magnitude while

It can be observed in Fig. 10 that both values given by & 2ot B He e s e reacance of the discharge whil he
Eqs'(18) a”q(lg) decre_ase with .InCI’eaSIngpp or pressur'e. oré)inate the- resistancéa). The dependence of the complex discgharge im-
In order to interpret this behavior one can adopt a simplgedance upon rf peak-to-peak voltage for an 100 mTorr argon discharge.
electrical model for the discharge, consisting of a capacib). The dependence of the complex discharge impedance upon pressure for
tance accounting for the sheaths, and an in series resistan&onstant 100 V rf peak-to-peak voltage.
for the consumption of power in the bulk and the sheaths.

The power consumption is due to the acceleration of plasma

electrons by the sheath field or the bulk plasma field, and the A T
acceleration through the sheath of ions and secondary O 50 mTorr
electronst®23The decrease of the capacitive reactance is due A 100mTorr

- . -50 - <& 400 mTorr 7
to an increase of the sheath capacitance as both sheaths be- + 800 mTorr

come smaller at higher pressufésyhile the decrease of the
resistance is due to the increase in the electron energy and§ 60
density at higheV,, and pressures, respectively. Therefore, =
as it is expected, the discharge impedance will drop in both 3
cases, leading to better power coupling, although the mecha- 44|
nism is different in each case.

In order to better illustrate the two cases, one can use the

representation of the complex impedance vector for certain b s
impedance values. In Fig. (d, is presented the case ‘g, 50 75 100 125 150 175 200
increase for Ar at 100 mTorr, while in Fig. (4 the case of VPP (Volts)

pressure increase for Ar dischargevap,= 100 V. In the first

case, the discharge is beC_Oming more CapaCi_tive' whereas, F"-Q; 12. The discharge impedance phasgas a function of rf peak-to-peak
the second case more resistive. The same thing can be easibytage for various argon pressures.
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