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Power dissipation and impedance measurements
in radio-frequency discharges
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P.O. Box 1407, 26500 Patras, Greece

~Received 11 January 1996; accepted 13 May 1996!

An improved method for the measurement of the power consumed in low pressure, radio frequenc
discharges is presented. The method involves the measurement of current and voltage waveform
outside the reactor, and the determination of the discharge impedance and the network of parasitic
The measured waveforms are transformed to the equivalent ones at the powered electrode, by us
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 equivalen
circuit contains elements which account also for resistive power losses in the cell-shunt circuit. Th
obtained discharge power is compared with measurements of the total power output of the generat
made by a power meter. Results concerning power consumption and impedance in argon and sila
discharges are presented as a function of the excitation voltage and the pressure. In both cases th
is a discharge impedance drop, for higher voltage or pressure, which leads to higher powe
consumption in the discharge. The measurements show that only a small, nonconstant part of t
power is consumed in the discharge, whereas, the inclusion of resistive loses leads to more accur
results. The mechanisms of the discharge impedance drop are further discussed in terms of th
relation to microscopic plasma phenomena and quantities. ©1996 American Vacuum Society.
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I. INTRODUCTION

Capacitively coupled low-pressure radio-frequency~rf!
discharges are widely used for the deposition and etchin
materials in thin film technology. The problem of accura
control of the macroscopic parameters is commonly enco
tered in all these plasma processes. This is particularly
for plasma chemical-vapor deposition~CVD!, where the
deposition rate and the qualitative characteristics of the
posited films depend on the exact plasma conditions.1 This
includes besides pressure, flow rate, temperature, and po
other parameters like the discharge geometry or the dep
tion history which in turn can affect the way power
coupled to the discharge, because of the change in tra
impedance.2 Therefore, the investigation and control of t
electrical properties of such discharges can give an insig
these aspects and help in further understanding and con
ling the process. Furthermore, it can reveal useful relat
between those parameters and microscopic plasma phe
ena, like ionizing or decomposing collisions and elect
heating mechanisms, and quantities like charge carrier
sities and energies.3–5

Several methods have been proposed in the past, fo
determination of the impedance of a gas discharge and
power that is actually consumed by it. The experimen
techniques can be grouped, based on the measured ph
quantities, in four categories:~a! output impedance measur
ments,~b! in line power meter measurements,~c! voltage and
current measurements, and~d! calorimetric determinations.

In the first case, the discharge impedance can be obta
as the complex conjugate of the output impedance of a
rectly tuned matching network.6–8 This can be measure
with an impedance bridge, or calculated from the netw
2757 J. Vac. Sci. Technol. A 14(5), Sep/Oct 1996 0734-2101/96
of
te
un-
true

de-

wer,
osi-
is
sfer
e
t in
trol-
ons
om-
on
en-

the
the
tal
sical
-

ined
or-

rk

components, after extinguishing the discharge. For this tech-
nique to work, the losses in the matching network should be
small, however, this is not true in most of the practical
cases.9

Other techniques use in line power meters to measure the
dissipated power in the discharge.10,11 For this purpose, the
generator output power is measured once with the discharge
on, and another with the discharge off, for the same driving
voltage. The power dissipated by the discharge is then cal-
culated by the difference of these two quantities. This sub-
tractive method can give further information about the dis-
charge impedance, if the settings of a proper matching
network are recorded.

Other methods use voltage and current measurements
The main difficulty in these methods is, the fact that the
voltage and current measurements are made outside the re
actor. However, the existence of a stray impedance between
the point of measurement and the electrode surface interferes
with the direct measurement of the plasma impedance. In
order to overcome this inconvenience, some studies have
used dummy loads for determining the stray impedance of
the reactor or embedding network.12,13The connection of the
dummy load between the electrodes however, introduces a
source of error because the rf contact conductivity changes
each time the contacts are reconnected. A two-port circuit
model is alternatively used for the stray impedance charac-
terization of the reactor itself,13,14 or the matching unit and
the reactor as a whole.9 In this approach, the network of
parasitics is treated as a black box, containing arbitrary re-
sistive, inductive, and capacitive elements. Other studies
have used variations of these techniques to correct for the
stray impedance or to avoid interference from it.15–18 In this
2757/14(5)/2757/9/$10.00 ©1996 American Vacuum Society
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2758 Spiliopoulos, Mataras, and Rapakoulias: Dissipation and impedance in rf discharges 2758
context, the GEC group has proposed a general method
the electrical characterisation of gas discharges in the G
reference cell;19 in their analysis, however, they do not tak
into consideration any resistive losses.

A pair of methods use calorimetric techniques for calc
lating the power losses on the matching network and
cables and subtract this value from the total power measu
with an in-line power meter with the discharge i
operation.18,20 In this way, the power dissipated by the dis
charge can be calculated, but no data for its impedance
be extracted, while the methods are laborious and difficul
apply in usual discharge chambers especially in low pow
conditions.

The major requirements of an impedance and power m
surement technique are: relative simplicity and applicabil
to most of the existent experimental systems. Moreover,
method should provide information, without interrupting th
process if control is to be pursued. This excludes meth
that need special reactor configurations or do not prov
information about the reactor and discharge impedance. T
is particularly true for discharges of film depositing gas
which can alter the discharge characteristics by covering
conductive surfaces.21

In this study, impedance and power measurements w
performed in a parallel-plate CVD reactor. An electric
equivalent circuit accounting for the stray impedance of t
cell is used in order to convert the current and voltage wa
forms measured outside the chamber, to equivalent wa
forms at the rf electrode. An inductive shunt circuit is the
externally connected for increasing accuracy. The electr
circuit is complemented in order to account for power loss
due to stray resistance both in the shunt circuit and the
itself. This is done in a simple way which both increases t
accuracy over previous approaches, while making
method applicable to all plasma deposition reactors with
the need for a special chamber construction. In this ca
results obtained from different, completely characterize
systems can be compared. Power and impedance mea
ments for discharges of noble and reactive gases are
sented and discussed.

II. EXPERIMENT

The experimental arrangement used in our present wor
schematically shown in Fig. 1. The design of the cell is d
scribed in detail elsewhere.22 Briefly the cell is a 160 mm
wide, parallel plate discharge chamber with 55 mm in dia
electrodes. The electrodes are cylindrically symmetric a
their distance can be continuously adjusted from 0 to 70 m
One of the two electrodes is powered by an ENI ACG
13.56 MHz rf generator isolated with anL-type matching
network. The rf electrode is surrounded by a ground
shield. A FCC model F-35-1 current probe and a Ham
model HZ 53 100:1 attenuating voltage probe were attach
to the power lead after the matching network as close
possible to the electrode. The voltage and current sign
were recorded by a Lecroy model 9400 digital oscillosco
and then transferred to a computer for Fourier analysis. T
J. Vac. Sci. Technol. A, Vol. 14, No. 5, Sep/Oct 1996
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amplitude and phase of the five first harmonic components
were extracted by a discrete Fourier transform technique.
The total power output of the generator is measured by a
BIRD 4410A thruline wattmeter.

The determination of the voltage and current waveforms
at the rf electrode involves the calibration of the probes for
propagation delay errors, the construction of an equivalent
circuit accounting for the components of the cell, the con-
nection of a shunt circuit for minimizing the displacement
currents generated by the stray capacitance of the cell, and
the experimental determination of the values of the actual
cell-shunt circuit components. The method is described in
the following paragraphs.

III. PROBE CALIBRATION

In order to perform accurate electrical measurements us-
ing voltage and current probes, one has to take into accoun
the propagation delays in the probes and the probe cable
that connect them to the oscilloscope. In radio frequencies
these systematic errors can be significant, as the signal re
quires a considerable fraction of the rf time cycle to traverse
a cable with ordinary length. The shift of a waveform in the
time domain diagram affects only the phase in the frequency
domain diagram of a Fourier transform. More specifically, a
time delayt will shift the phase of a signal at frequencyf by
an amountw, wherew5360°ft.

The method used for determining the phase shifts of the
voltage and current probes,14 is briefly described here—the
output of the voltage probe was connected to one channel o
the oscilloscope and the probe tip was attached to the othe
channel. Then, a sinusoidal reference signal was driven to
the probe tip. The phase difference between the two channel
determined the voltage probe phase error. The same was re
peated for several frequencies in order to determine the
phase error at higher harmonics of the 13.56 MHz funda-
mental.

FIG. 1. Schematic diagram of the plasma chamber and the electrical connec
tions used for power and impedance measurements.
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2759 Spiliopoulos, Mataras, and Rapakoulias: Dissipation and impedance in rf discharges 2759
The phase error of the current probe was indirectly de
mined by measuring the phase difference between cur
and voltage in purely capacitive and inductive loads. W
the phase error of the voltage probe corrected, as descr
above, one can determine the current probe phase erro
comparing the measured impedance phase~the phase of the
voltage relative to the current! to the expected values:290°
for capacitive loads and190° for inductive loads. The phas
errors of voltage and current probes are plotted against
quency in Fig. 2, where data from ten different loads ha
been used for the current probe. The vertical spread of
data for the current probe curve is due to resistive paras
in the loads that cause the impedance phase to deviate
the ideal values of690°. Since the data for the two probe
can be well fitted with a straight line, it means that the prob
are dispersionless~the phase delay is directly proportional t
frequency!. The slope of these lines gives a delay time of 7
ns for the voltage probe, and 11.4 ns for the current prob

IV. ELECTRICAL MEASUREMENTS

In order to determine the electrical properties of a d
charge, one has to know the values of current and volt
inside the chamber at all surfaces in contact with the plas
In most impedance analysis and investigations of poten
distribution in discharges, however, scientists consider t
surfaces in contact with the plasma; the rf electrode and
grounded one. They also consider that the ground potenti
held by the grounded electrode, the chamber walls and
grounded shield of the rf electrode. However, although
these metallic surfaces are in electric contact, they are no
at the same voltage at any instant of the rf cycle. Volta
drops with amplitude of 1%–2% of the rf driving voltage
have been measured between points that are supposed
both ‘‘grounded.’’ This has been also observed by othe9

and is due to the extreme difficulty of getting a prop
ground connection at radio frequencies. The reason is

FIG. 2. Phase errors of voltage and current probes, due to propagation
lays, as a function of frequency. Both probes are dispersionless, i.e., the
delay is independent of frequency, or the phase delay directly proporti
to frequency. All measurements in this work were corrected for these
tematic errors.
JVST A - Vacuum, Surfaces, and Films
er-
rent
ith
ibed
r by

e
fre-
ve
the
tics
rom
s
es
o
.3
e.

is-
age
ma.
tial
wo
the
l is
the
all
t all
ge
,
to be
rs
er
that

even a small inductance,L, gives a significant impedance,
jLv, and attention should be paid to the way the connectio
are made between grounded conductors. This introdu
voltage drops not only on the grounded parts but also on
powered ones. Therefore, a stray impedance is present in
cell from the point of measurement to the point of interest.
the present study, the current flowing through the power
electrode into the plasma and the voltage on the electro
surface with respect to the grounded shield are used for
electrical characterization. The measurement of these qu
tities, however, is not straightforward. Due to the stray im
pedance of the cell, the current and voltage waveforms at
point outside the cell, where the probes are physically l
cated, will differ from the actual waveforms at the surface o
the powered electrode. This is primarily due to the indu
tance between the measurement point and the electrode
the capacitance between the electrode and the ground sh
A simplifiedL–C ~inductance–capacitance! electrical circuit
~Fig. 3! is used in order to determine the cascade matrix
the network of parasitics between the measurement point a
the surface of the powered electrode.

The electrical analysis of this circuit shows that thenth
harmonic component of the complex electrode voltageVen
and currentI en are related to thenth harmonic component of
the measured complex voltageVn and currentI n by

Ven5Vn2 jvnLI n, ~1!

I en5~12vn
2LC!I n2 jvnCVn, ~2!

where the subscriptn refers to thenth harmonicvn5nv,
andv is the angular frequency of the fundamental drivin
frequency~v52p 13.563106 rad/s!. For the actual cell pa-
rameters, however, the parasitic currents are large and
corrected values are very sensitive to small errors in the m
sured values. The electrode currentI en is a very small quan-
tity in relation with the measured currentI n . This is because
the actual electrode current results as the difference betw
two large numbers: the measured current, minus the d
placement currentjvCVn due to the capacitance betwee
the rf electrode and the grounded shield.

To avoid this difficulty, a shunt circuit consisting of an
inductorLs and an air variable capacitorCs , was connected
between the power lead and the chamber ground at a po
between the current probe and the chamber.19 The shunt has
a net inductive impedance at 13.56 MHz and its purpose is
cancel at that frequency the net capacitive reactance of pa
sitics in the cell. The capacitor is used for ease in tuning t
shunt and to maintain capacitive coupling to the cell. Th
shunt circuit is tuned by exciting the empty cell~with no
discharge! with a sinusoidal voltage at 13.56 MHz and ad
justing the shunt capacitorCs until the measured current is
nulled. In this situation the net reactance,jvLs11/jvCs of
the shunt cancels the net reactancejvL11/jvC of the cell’s
equivalent circuit:

jvLs1
1

jvCs
52S jvL1

1

jvCD . ~3!

de-
time
nal
ys-
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FIG. 3. The equivalent circuit for the determination of the cascade matrix of the network of parasitics. TheL–C circuit represents the cell parasitics, the
Ls–Cs circuit ~in the solid box! is the shunt circuit connected externally, and theRL–CL circuit ~in the dotted box! accounts for resistive losses in the cell and
shunt circuit.
With the shunt circuit connected, Eqs.~1! and ~2! that
transform the measured valuesVn and I n to the electrode
onesVen and I en become:

I en5~12vn
2LC!I Ln2 jvnCVn, ~4!

Ven5Vn2 jvnLI Ln, ~5!

where

I Ln5I n2
jvnCsVn

~12vn
2LsCs!

. ~6!

The shunt and the cell however are not pure reactanc
They have also stray resistive components which cause
ditional power losses upon them. Therefore, the shunt do
not exactly null the measured current. It is observed that t
current takes a minimum value in the tuned situation, that
not zero. The remaining residual current is'3.5% of the
current without the shunt present. Although the cell itself h
a small resistance,~the phase difference between the voltag
and current without the shunt and in the absence of discha
is very close to290°; at least for the first and second ha
monic! by attaching the shunt circuit, additional and consid
erable ohmic parasitics are introduced. The large increase
precision made possible by the shunt is partly outweighed
the above disadvantage.

Measurement of this residual current has lead us to
clude in some way the stray resistive components of the c
shunt at the equivalent electrical circuit. Namely, with th
shunt properly tuned, the input impedanceV1/I 1 of the
empty cell and shunt circuit was independent of the exci
tion voltage over the whole range 25 V,V,100 V. More-
over, this residual current was in phase with the voltage
the point of measurement with a deviation of62° when the
cell was driven with a sinusoidal voltage in this range o
voltages. This behavior is equivalent as if the residual cu
rent flows, in parallel to the shunt circuit, from the rf powe
lead to the ground. This is taken into account by introducin
a resistanceRL in the equivalent circuit parallel to the shun
J. Vac. Sci. Technol. A, Vol. 14, No. 5, Sep/Oct 1996
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~Fig. 4!. In this way, one can say that in the tuned situation,
the reactant components of the cell-shunt circuit are nulled
and the remaining residual current is due to the resistance
which draws the measured current parallel from the rf power
lead to the ground. The additional capacitorCL is introduced
at the specific point of the equivalent circuit to justify the
existence of the dc bias of the powered electrode which is
due to the capacitive coupling of the power generator to the
cell. Its capacitance is considered to be infinite and is not
involved in the calculations~it has zero impedance 1/jvCL ,
and thus no contribution to phase difference between the
voltage and the residual current!.

Thus, taking into considerationRL andCL , the final rela-
tions that convert the measured values to the equivalent val-
ues at the electrode are given by the relations:

Ven5Vn2 jvnLI Ln, ~7!

FIG. 4. Plot of the residual current as a function of the driving voltage at
13.56 MHz, with the shunt connected and tuned for minimum current. The
measurements are made in the absence of plasma. The inverse of the slope
of the forced to zero crossing line gives the value of the resistanceRL .
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I en5~12vn
2LC!I Ln2 jvnCVn, ~8!

where

I Ln5I n2
Vn

RL
2

jvnCsVn

~12vn
2LsCs!

. ~9!

The dissipated powerP can be then calculated fromVen and
I en by:

P5
1

2 (
n51

5

VenI en coswen , ~10!

wherewen is the phase ofVen relative toI en, andVen andI en
are the magnitudes ofVen andI en, respectively. Only the first
five harmonics exist in current waveform, at least with co
siderable amplitude, when the plasma is present.

V. CIRCUIT COMPONENTS

If one can determine the exact values of the electri
components that are involved in the equivalent circuit, th
the measured values,Vn and I n can be converted to the
equivalent ones at the surface of the rf electrode,Ven andI en.
The values forL andC were determined by measuring th
impedance of the cell at the fundamental and the sec
harmonic without the shunt circuit. These measureme
were made by exciting the cell without discharge with
13.56 MHz arbitrary wave signal. Voltage and current we
recorded with the probes connected at the same point
would later be used for plasma measurements. The fun
mental and second harmonic of voltage and current wa
forms were deduced by Fourier analysis of the measu
signals. The cell’s impedance phase~the phase of the voltage
relative to the current, in the absence of plasma! at these two
frequencies was288°–289° indicating the net capacitive
reactance of the cell and the very small residual compon
that has been already mentioned. The impedance of the
was then determined by the ratio of voltage to current:

Zn5
Vn

In
. ~11!

According to theL–C equivalent circuit~Fig. 3! for the
cell parasitics, the impedance of the cell is given by:

Zn5 jnvL1
1

jnvC
. ~12!

L and C can be determined by solving the equations th
give the cell’s impedance at the fundamental and second
monic:

V1

I1
5 jvL1

1

jvC
and ~13!

V2

I2
5 j2vL1

1

j2vC
. ~14!

For the determination of the shunt circuit components,
shunt circuit was connected and tuned. The capacitanceCs

was measured with a capacitance meter, after being isol
from the circuit. The inductanceLs was then calculated by
JVST A - Vacuum, Surfaces, and Films
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using Eq.~3!. Finally, the resistanceRL was obtained by the
ratioV1/I 1 of the driving voltage to the residual current, with
the shunt circuit in the tuned position. In Fig. 4, this residual
current at 13.56 MHz is plotted as a function of driving
voltage. The inverse of the slope of the best fitted line which
is forced to zero crossing, gives the value of this resistance

Note that the addition of this resistance does not disturb
the determination of the values ofC, L, Cs , andLs , because
it has been separated from the reactant components of th
cell-shunt circuit, which are fully nulled in the tuned situa-
tion. The value ofRL obtained in this way at 13.56 MHz is
used for the higher harmonics without taking into account
that rf resistances are frequency dependent due to the sk
effect. The current at higher harmonics that flows through
the resistanceRL , however, is negligible, as the amplitude of
the measured voltage at higher harmonics is less than 1%
that of the fundamental at all cases.

For voltages greater than 100 V in amplitude, the ratio
V1/I 1 deviated from the calculated value ofRL in the range
25 V,V,100 V and, therefore, for these voltages this
equivalent circuit could no more account for the stray imped-
ance of the cell-shunt circuit. Moreover, in this case the
phase difference between the residual current and the voltag
was not in the range 0°62° and could not be considered ‘‘in
phase’’ anymore. The phase difference and the ratioV1/I 1 in
these cases was time dependent indicating that, in these vo
ages, power dissipation in the parasitics produced a signifi
cant rise in the temperature of connection cables, thus alte
ing both the value of the resistanceRL and the impedance
phase of the cell-shunt circuit. The value ofRL , for voltages
below 100 V, remained unchanged even if the discharge wa
in operation for hours and the measurement made immed
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.

VI. RESULTS AND DISCUSSION

Power and impedance measurements have been pe
formed for a variety of conditions in film depositing and non
film depositing discharges. The main discharge conditions
are given in Table II.

As it is shown in Fig. 5, which presents the power con-
sumed in the discharge, as a function of the peak-to-peak
voltage, for various pressures of argon or silane, there is a
increase of the power consumed in the discharge with in
creasingVpp or pressure. The effect ofVpp is more pro-
nounced at higher pressures. This increase is not linear wit
eitherVpp or pressure, as it can be seen also in the subse
quent Fig. 6. An increase of the power consumed in the

TABLE I. Equivalent circuit components’ values.

C ~pF! L ~nH! Cs ~pF! Ls ~nH! RL ~V!

129 18 187 1786 1700
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discharge can be a result of the increase in the net cur
flow, and of a change of the discharge impedance. Th
factors depend mainly on the magnitudes of the reactive
capacitive components of the discharge that can be transl
into values of the microscopic parameters like the electr
and ion density and energy, the number of collisions, and
characteristics of the sheaths. However, since the cur
flow is dependent on impedance, the picture provided by F
5 is too general to give further insight for these microscop
parameters.

The plot presented in Fig. 6, gives also evidence for t
existence of different discharge regimes, by the appeara
of a small maximum at around 100 mTorr and of a tenden
for saturation at higher pressures. Both features are m
pronounced at higher excitation voltages. At low pressur
the discharge is spread in the entire chamber, coming in c
tact with all the grounded surfaces. When pressure increa
the discharge is more confined in the interelectrode sp
due to the lower mean free path associated with a lar

TABLE II. Range of experimental discharge conditions for argon and sila

P ~mTorr! Vpp ~V! f ~sccm!

D ~mm!
electrode
diameter

d ~mm!
interelectrode
distance

Ar 50–800 50–200 10–20 55 25
SiH4 35–100 75–200 10–20 55 25

FIG. 5. The power density consumed in the discharge as a function of th
peak-to-peak voltageVpp for various pressures of~a! argon and~b! silane.
The powerP is divided by the surface area of the rf electrode to give pow
density in mW/cm2.
J. Vac. Sci. Technol. A, Vol. 14, No. 5, Sep/Oct 1996
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number of collisions. On the other hand, at even higher pres-
sures the current flowing through the discharge is limited by
the given ionization rate at a specific excitation voltage. In
any case, there is need for additional analysis in order to give
a full explanation of the significance of the previous figures.
It is clear, however, that one can vary the power consumed
by the discharge not only by varying theVpp but also by
varying the chamber pressure at a constantVpp . Moreover,
the discharge power is a function of the nature of the gas and
other discharge parameters as it is shown in Fig. 5.

In contrast to the measurements presented, the total power
measured by the SWR bridge, before the matching network,
shows small variations of the order of620% when increas-
ing pressure, while the power really consumed in the dis-
charge changes more than four times, for higherVpp . The
reason for this behavior is that most of the power output of
the generator is consumed in the matching network and the
stray impedance of the reactor. Thus, it is interesting to see
the relation of the actual power,P, dissipated in the dis-
charge to the nominal power,PN , measured by the power
meter, for the same conditions, as it is shown in Fig. 7. This
plot shows that there is no constant relation betweenP and
PN . The actual power is a small non constant fraction of the
total power, although again the amount of power consumed
in the discharge is higher at higherVpp and pressures. This is
due to the fact that plasma impedance is changing, and thus
a larger amount of power is transferred from the power gen-
erator to the discharge. In general, one can write for the
output power of the generator:

PN5PL1P5
V2

2ZL
2 RL1

V2

2ZP
2 RP5

V2

2

RPZL
21RLZP

2

ZL
2ZP

2 ,

~15!

P

PN
5

RPZL
2

RPZL
21RLZP

2 ~16!

thus:

ne.

e rf

er

FIG. 6. The power density as a function of argon pressure for 50, 100, 150,
and 200 V peak-to-peak rf driving voltages.
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P

PN
→1 for RPZL

2@RLZP
2 ,

P

PN
→0 for RPZL

2!RLZP
2 ,

where,V is the amplitude of the driving voltage,PN is the
total power,PL , ZL , andRL refer to the matching network
and cables, the cell and the shunt, whileP, Zp , andRp refer
to the discharge.

These relations are true for the case of in parallel conn
tion of both the discharge and the matching, shunt and
components, and gives a qualitatively good approximation
the real situation. This can be seen in Fig. 8, where the r
tive amounts of power consumed in the discharge, the sh
and cell, and the matching and cables, as well as the t
power, are presented together with the discharge impeda
It is observed here that the total power is changing to

FIG. 7. The ratio of the powerP, actually consumed in the discharge, to th
nominal powerPN , as a function ofVpp for various argon pressures. Th
nominal power is measured with an in line power meter before the match
network and includes, besides the power consumed in the discharge
power losses in the matching network and the cell-shunt circuit.

FIG. 8. Power consumption in the discharge, shunt and cell, and matc
network and cables, as a function of argon pressure. The rf peak-to-
voltage is kept constant at 200 V. The dependence of the discharge im
anceZ upon pressure is also shown for comparison.
JVST A - Vacuum, Surfaces, and Films
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extent that pressure is changing while the amounts of power
consumed in the matching and cables, or the cell and the
shunt remain constant. The observed decrease of the dis-
charge impedance is in agreement to the increase of the
power consumed in the discharge, according to Eq.~16!.
This figure presents very well the advantages of the method
used in this work over previous methods that did not take
into account resistive losses. Namely, in this case the amount
of power consumed in the shunt and cell would be attributed
to the discharge, giving an erroneously high discharge power
consumption. Moreover, the elimination of the resistive com-
ponent from the equivalent circuit~Fig. 3! can give in some
cases, at least for this particular system, positive plasma im-
pedance phase values. This would indicate that the discharge
presents an inductive instead of capacitive reactance. Note
that the inclusion of the resistive component in the equiva-
lent circuit makes the method more generally applicable
even for the cases when, due to different chamber construc-
tion 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
with Vpp , as shown in Fig. 9. The value of the impedance at
13.56 MHz is given by the ratio of the fundamental compo-
nent of the voltage amplitude, to the fundamental component
of the current amplitude,Ve1/I e1 at the rf electrode. The
complex discharge impedance at 13.56 MHz is given by the
equation:

Z5
Ve1

Ie1
5
Ve1

I e1
ejwe15R1 jX, ~17!

wherewe1 is the phase of the fundamental electrode voltage
Ve1, relative to the fundamental electrode current,I e1, R is
the real part or the discharge resistance, andX the imaginary
part, or the discharge capacitive reactance. The real and the
imaginary part are given by the following equations:

R5Z coswe15
Ve1

I e1
coswe1 , ~18!
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FIG. 9. The discharge impedanceZ as a function of the rf peak-to-peak
voltageVpp for various argon pressures.
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X5Z sin we15
Ve1

I e1
sin we1 . ~19!

It can be observed in Fig. 10 that both values given
Eqs.~18! and~19! decrease with increasingVpp or pressure.
In order to interpret this behavior one can adopt a sim
electrical model for the discharge, consisting of a capa
tance accounting for the sheaths, and an in series resist
for the consumption of power in the bulk and the sheat
The power consumption is due to the acceleration of plas
electrons by the sheath field or the bulk plasma field, and
acceleration through the sheath of ions and second
electrons.16,23The decrease of the capacitive reactance is d
to an increase of the sheath capacitance as both sheath
come smaller at higher pressures,24 while the decrease of the
resistance is due to the increase in the electron energy
density at higherVpp and pressures, respectively. Therefor
as it is expected, the discharge impedance will drop in b
cases, leading to better power coupling, although the mec
nism is different in each case.

In order to better illustrate the two cases, one can use
representation of the complex impedance vector for cert
impedance values. In Fig. 11~a!, is presented the case ofVpp

increase for Ar at 100 mTorr, while in Fig. 11~b! the case of
pressure increase for Ar discharge atVpp5100 V. In the first
case, the discharge is becoming more capacitive, wherea
the second case more resistive. The same thing can be e

FIG. 10. The realR and the imaginary partX of the discharge impedance
Z5R1 jX, as a function of the rf peak-to-peak voltageVpp for various
argon pressures. The real part is the resistive component of the disch
impedance, responsible for the power consumption. The imaginary
stands for the reactance and is always negative indicating the capac
character of the discharge.
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FIG. 12. The discharge impedance phasewe1 as a function of rf peak-to-peak
voltage for various argon pressures.
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FIG. 11. The discharge impedance vector in the complex plane. The magni-
tude of the directed line segment to the point defines the magnitude while
the angle with the real axis defines the phase angle of the complex discharge
impedanceZ. The abscissa defines the reactance of the discharge while the
ordinate the resistance.~a!. The dependence of the complex discharge im-
pedance upon rf peak-to-peak voltage for an 100 mTorr argon discharge.
~b!. The dependence of the complex discharge impedance upon pressure for
a constant 100 V rf peak-to-peak voltage.
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seen in the plot of the impedance phase versusVpp for dif-
ferent pressures~Fig. 12!. This is because when increasing
Vpp , the increase of the electron energy results to a high
ionization rate which decreases the discharge resistance.
the same time, the ion energy and the sheath potential a
increased leading to more confined sheaths,25 higher sheath
capacitance and thus smaller sheath capacitive reactan
The higher sheath field will increase the amount of powe
consumed for the acceleration of ions and secondary ele
trons in the sheath. In the case of higher pressures, t
smaller mean free path of the electrons leads to small
sheath dimensions and thus to higher sheath capacitan
while the higher number of charge carriers leads to a d
crease of the resistance.

VII. SUMMARY

A power measurement technique, together with resul
concerning argon and silane discharges, was presented. T
novelty in this method consists in the inclusion of a resistiv
component, accounting for power losses in the cell and th
shunt, in the equivalent circuit used for the transformation o
the measured wave forms to equivalent wave forms at the
electrode. The results presented show that the method is
more accurate than previous approaches, while it is mo
generally applicable. The results obtained for argon and s
lane discharges show evidence of different discharge regim
depending on pressure. The power coupling to the dischar
is sensitive to the variation of both the discharge excitatio
voltage and pressure. The method can be used efficiently f
controlling the deposition conditions of thin films with repro-
ducible properties.26
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