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The total current or flux of ions striking the substrate is an important parameter that must be tightly
controlled during plasma processing. Several methods have recently been proposed for monitoring
the ion currentin situ. These methods rely on passive, noninvasive measurements of the radio
frequency(rf) current and voltage signals that are generated by plasma-processing equipment. The
rf measurements are then interpreted by electrical models of the plasma discharge. Here, a rigorous
and comprehensive test of such methods was performed for high-density discharges in argon at 1.33
Pa(10 mTorp in an inductively coupled plasma reactor, at inductive source powers of 60—350 W,

rf bias powers up to 150 W, and rf bias frequencies of 0.1-10 MHz. Model-based methods were
tested by comparison to direct, independent measurements of the ion current at the substrate
electrode made using lower frequenty0 kHz rf bias and modulated rf bias. Errors in two
model-based methods are identified and explained by effects that are present in the high-density
plasmas but are not included in the models. A third method, based on a new, more accurate
numerical sheath model, gives values of the ion current in agreement with the independent
measurements[DOI: 10.1063/1.1390491

I. INTRODUCTION the position of the probe may not give a true indication of the
ion current at the wafer surface, some distance away.

Plasma processes are widely used by industry to deposit | contrast, the total ion current at the wafer itself can be

and etch films. During plasma processing, substrate wafei§etermined noninvasively from measurements of the rf cur-

are bombarded by reactive chemical species and energetigns and voltage applied to the wafer electrode. Such mea-

itive ions, resulting in ition or etching. T tain th . . .
posilive O. S, resulting in deposition o e_c g. To ob a_ . es rements are easily performed, even in commercial reactors.
best possible results, the fluxes, energies, and velocities

L ) he measurements are passive and nonperturbing; the neces-
the incident ions and neutrals must be carefully controlled. P P 9

Unfortunately, because plasma processes suffer from drifﬁ“"lry curreqt and yoltgge S|gnaI§ are glenerated bY the “rf
process recipes that initially produced optimal results may nguPstrate bias,” which is already in use in commercial reac-
longer produce acceptable results at later times. This proﬂgrs of all kinds. A model, however, is needed to interpret the
lem could be solved if sensors were available to monitor théneasured rf signals, in particular, to distinguish the ion cur-
relevant properties of the incident ions and neutrals. Suckent from the other components of the measured current.
sensors could be used to detect process drift, diagnose iMany different techniques, based on different models, have
origin, and take corrective action, if needed. been proposeti:!! Unfortunately, the reliability of these
One important parameter to monitor is the total ion cur-techniques is unknown, because the techniques and the mod-
rent at the wafer. The total ion current is the sum of theels they are based on have not been adequately tested, espe-
fluxes of all positive ionic species, each weighted by itsScially in high-density discharges.
charge. Negative ions are repelled by the electric field at the 75 article presents rigorous tests of techniques for de-

wafer, so they do not contribute to the ion current. Typically,termining the ion current from rf measurements. The tests

most 1oNIC Species In etCh",]g and dep.osmon plasmas Gere performed at the substrate electrode of an inductively

singly charged, so the total ion current is closely related tocoupled plasma reactor, for high-density discharges in argon

the total ion flux. Etch rates, etch profiles, deposition ratesat 1.33 Pa(10 mTor) 'i'hree model-based techniques are

and damage rates all depend on the total ion current or flux. m. ared 1o inde en.dent measurements of the ic(])n current
In research reactors, the ion current is usually measuref’"P P

by inserting a probe into the plasma, but such techniques afgade directly, without the use of any models. Errors in each
impractical or impossible in commercial reactors, which Of the three techniques are quantified and explained. One of

have few ports to accommodate such probes. Furthermoré)e model-based techniques is shown to be exceptionally ac-
the probe may perturb the plasma or contaminate the wafergurate.
or the probe itself may be rendered useless by etching or After a description of the experimental equipment, re-
deposition occurring at its surface. Finally, the ion current atsults from all the techniques are briefly presented and com-
pared. Then each technique is described and analyzed in de-
dAuthor to whom correspondence should be addressed; electronic mair.a"' Recommendations and conclusions made throughout the
mark.sobolewski@nist.gov article are summarized at the end.
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inductive source is operated in the low-densEynode. On

the other hand, when the lower electrode is powered, mate-
rials sputtered from its surface are deposited onto the quartz
window, where they eventually form a nearly opaque layer.
As this layer grows, it absorbs and dissipates more and more
of the inductive source power, producing an increase in the
inductive source resistance and a decrease in the ion current
at the lower electrode. For a clean quartz window, inductive
source powers of 40, 90, and 300 W, measured at the gen-
erator, were required to produce the 0.1, 0.3, and 1.0 A ion
currents used in this study. When a thick, nearly opaque layer
was present on the quartz window, the same ion currents
were obtained at 60, 120, and 350 W. The tests of model-
based ion current measurements reported in Sec. Ill were
performed when a thick layer was present. Some of the
modulated rf bias measurements were made when a thinner
layer was present, with the inductive source power adjusted
to slightly lower power settings to maintain the ion current at
of signal 0.1, 0.3, and 1.0 A. Additional tests of model-based measure-
generator | | If power ments were performed when the quartz window was clean,

(or function amplifier . :
generator) and the results were nearly identical to those presented here.

13.56 MHz| | matching
generator network

|

FIG. 1. Diagram of the plasma reactor and electrical measurement apparél-l' RESULTS

tus. A. Low-frequency measurements

To test the model-based ion current measurements, we
need an accurate, independent measurement of the ion cur-
rent at the lower electrode. Conventional Langmuir probes,

Experiments were performed in a Gaseous Electronicenade of a short length of wire, are not well suited for this
ConferencGEC) reference cetf modified® to accommo-  purpose. Because the ion current density varies with radial
date an inductive, high-density plasma sout€g. 1). The  position’® a cumbersome weighted sum of measurements at
source is a five-turn, planar coil, with the outer end groundedeveral radii would have to be performed to obtain the total
and the inner end powered at 13.56 MHz. A commercialion current at the electrode. Furthermore, uncertainties would
probe was placed between the coil and its matching networke introduced because the vertical position, geometry, and
to monitor the rf current, voltage, and impedance of the in-surface conditions of the wire would differ from those of the
ductive source. Discharges were ignited in ultrahigh purityelectrode.
argon gas at a pressure of 1.33 (& mTory. It would be better to validate the model-based measure-

The lower electrode assembly consists of a 10.2 cm diarments by comparing them to ion currents measured directly
aluminum electrode and a stainless steel ground shield, sepat the lower electrode itself. Such direct measurements can
rated by a polytetrafluorethylene insulator. The steel piate be performed if care is taken to prevent displacement current
that is usually placed on the electrode was removed. Th&om flowing across the plasma sheath adjacent to the elec-
electrode was powered at variable frequencies using a signabde. The displacement current arises because the sheath
generator and a power amplifférThe applied current and acts like a capacitor: it contains a net positive cha@e
voltage signalsl ,(t) andV,,(t), were measured by probes, which is balanced by a chargeQ on the electrode surface.
digitized by an oscilloscope, and then transferred to a comAs the voltage across the sheath changgsnust change,
puter for analysis. Propagation delays and the stray impedand a current equal tdQ/dt must flow through the elec-
ance of the electrode assembly were measured and accountedde’s electrical connections to charge or discharge the sur-
for, using procedures described previouSlyfhese proce- face. The faster the sheath voltage changes, the larger the
dures allow us to determing(t), V {t) andPp, the cur-  currentdQ/dt will be. Thus, to minimizedQ/dt, the elec-
rent, voltage and power at the electrode surface. The seltrode must be driven at relatively low frequencies. | use a
inductance of the chamber was also accounted for, allowinfrequency of 10 kHz, which is just above the low-frequency
us to determin&/(t), the voltage on the steel flange which cutoff of the amplifier. Small displacement currents are also
surrounds the inductive source and acts as the groungenerated by the residual capacitive coupling of the induc-
electrodet VoltagesV,{t) andV(t) are referenced to the tive plasma source, but these can be eliminated by connect-
ground shield of the lower electrode. ing a 13.56 MHz filter between the lower electrode and the rf

Reproducibility is affected by surface conditions inside amplifier, or simply by averaging many sweeps.
the cell. Sputtering of the quartz window beneath the induc-  While driving the electrode at 10 kHz, the electrode cur-
tive source may result in deposition of an insulating film,rent and voltage are measured as a function of time. The
presumably SiQ, on the lower electrode, especially if the current is then plotted against voltage, as shown in Fig. 2. In

Il. EXPERIMENTS
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FIG. 2. lon current at the lower electrode of the inductively coupled reactorg . 3. jon current at the lower electrode measured by the modulated rf bias
measured by driving the electrode at 10 kHz, for argon discharges at 1.33 Ff@chnique of Sec. VII, at rf bias frequencies of 0.1, 1.0, and 10 MHz. The rf

(10 mTory and inductive source powers of 60, 120, and 350 W. bias amplitude was also varied to provide the varying voltages plotted on the
x axis. Other conditions are the same as in Fig. 2. For comparison, ion
currents from Fig. 2, measured at 10 kHz, are plotted as solid curves.

the positive portion of the characteristicot shown the
electron current dominates. At voltages belevtO V, how-
ever, nearly all of the plasma electrons are repelled by théhe plasma via stochastic heatifigind wave heatindf If,
electrode. The region below 10 V can thus be considered Via such mechanisms, a significant fraction of the rf bias
the ion conduction portion of the characteristic. In this re-power were absorbed by plasma electrrasher than ions in
gion, the current—voltage curve does not depend on théhe sheaththey could produce additional ionization within
sweep direction: current measured when the voltage was irthe discharge and hence an increase in the ion current at the
creasing agreed with that measured when the voltage waectrode, over and above the value measured at 10 kHz.
decreasing. This agreement indicates that the displacemehvidence against such an effect is provided by Langmuir
current is negligible, and the measured current is thereforgrobe studies of high-density argon discharges, which detect
equal to the ion current. little or no increase in ion curréht® or plasma density

As shown in Fig. 2, the rf amplifier was able to output when rf bias is applied, even at 13.56 MHz. Nevertheless, the
voltages at 10 kHz as low as200 V. This is a big improve- possibility of the ion current depending on rf bias frequency
ment over the dc ion current measurements reportedeserves further investigation.
previously* which were limited to voltages above20 V, To investigate this possibility, modulated rf bias wave
because of “microarcs”—Dbright, localized flashes of light forms, described in Sec. VII, are useful. The modulated wave
which permanently damage electrode surfaces. Nevertheledorms consist of one interval during which rf bias voltage is
the ion current curves in Fig. 2 do not depend strongly orapplied as usual at the desirédgh) frequency, followed by
voltage: ion currents measured at200 V are only 7% an interval during which the voltage is constant or slowly
higher than values measured-a20 V. This slight increase in  varying. During the second interval, the displacement current
ion current may indicate an increase in the ionization rate iris negligible and the ion current can be measured directly.
the discharge, or it may be an edge effect. When large negdhe ion current measurement occurs withid us after the
tive voltages are applied, the sheath adjacent to the electrodermination of the high-frequency rf bias, before any ions
expands, resulting in more efficient collection of ions nearcreated by the high-frequency bias have time to diffuse out

the edge of the electrodé. of the plasma. Figure 3 shows ion currents measured by this
technique, for rf bias frequencies of 0.1-10.0 MHz. Values
. obtained for different frequencies are in agreement, within
B. Modulated rf bias

the measurement uncertairty 5%) attributable to gain and
At frequencies much higher than 10 kHz—in particular offset uncertainties in the oscilloscope and probes. The
at the 0.4—14 MHz frequencies typically used for rf substrated.1-10 MHz data also agree with nonmodulated measure-
bias in plasma reactors—large displacement currents flownents made at 10 kHz. Thus, over the conditions studied
distorting the ion saturation curve. At such frequencieshere, the ion current is independent of rf bias frequency, and
model-based techniques are required to distinguish the ioi is therefore valid to use the 10 kHz measurements to test
current from the displacement current. In this study, modelmodel-based measurements made at higher frequencies.
based measurements performed at higher rf bias frequencies
(0.1-10 MH2 are validated by comparing them to the 10
kHz data. Several mechanisms could, however, cause the io%‘
current when 10 kHz bias is applied to differ from the ion Results from the model-based techniques are compared
current when higher frequency bias is applied. At higher freto 10 kHz data in Figs. 4—6. Measurements were performed
guencies, power is more efficiently absorbed by electrons it inductive source powers of 60, 120, and 350 W, rf bias

Model-based techniques
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FIG. 4. lon current at the lower electrode determined from rf eIectricaIFIG'. 6. lon current determined from rf _electrical me_a_surements by the nu-
measurements by the power/voltage method of Sec. IV. Data were measurdfrical method of Sec. VI. The experimental conditions and rf measure-
for argon discharges at 1.33 P& mTor at inductive source powers of 60, ments‘ are the same as in Fig. 4. For comparison, data from Fig. 2 are plotted
120, and 350 W, f bias frequencies of 0.1, 1.0, and 10 MHz, and varying rf2S SOlid curves.

bias amplitudes, indicated on theaxis by the minimum(i.e., most nega-

tive) voltage on the electrode during the rf cycle. For comparison, data from

Fig. 2, measured at 10 kHz, are plotted as solid curves.

values measured at 10 kHz. The agreement is poorest at

lower bias frequencies and voltages, but it improves as fre-
frequencies of 0.1, 1.0, and 10 MHz, and varying rf biasquency or voltage is increased. Uncertainties in the gain,
amplitudes, indicated on the axis by the minimum(i.e.,  offset, and phase of the oscilloscope and probes result in
most negativevalue ofV,(t), the electrode voltage. Strictly combined uncertainties of at most% for the 10 kHz data
speaking, to plot the 10 kHz ion current as a function ofand =9% for the power/voltage data, too small to account
minimumelectrode voltage, it would be necessary to applyfor the disagreement seen in Fig. 4. Instead, the disagreement
varying rf bias amplitudes, obtaining a single point on theis explained by errors in the assumptions on which the
curve for each bias amplitude. However, this tedious procepower/voltage method is based, as will be shown in Sec. IV.
dure yields the same curve as that obtained at a single bias Figure 5 shows values of the ion current obtained by the
amplitude by plotting current versusstantaneoussoltage,  analytical method described in Sec. V and Ref. 9. At 0.1
as in Fig. 2. Itis equivalent—and much more convenient—toViHz, they agree with the values measured directly at 10
simply use the measurements from Fig. 2. kHz, within the =5% uncertainty of each technique. At 1

The first model-based method, the “power/voltage” MHz and especially 10 MHz, however, the analytical method

method, obtains the ion current by dividing the rf bias poweroverestimates the ion current. Overall, the analytical method
by the fundamental rf bias voltage, as described in Sec. IManges from 0.90 to 1.56 times the 10 kHz measurements.
Results from this method, shown in Fig. 4, tend to underesAgain, the disagreement is explained by errors in model as-
timate the ion current: they range from 0.62 to 1.01 times th&umptions, which are discussed in Sec. V.

Figure 6 shows ion current values obtained by a new
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FIG. 5. lon current determined from rf electrical measurements by the an
lytical method of Sec. V. The experimental conditions and rf measuremen
are the same as in Fig. 4. For comparison, data from Fig. 2 are plotted

solid curves.

method, described in Sec. VI. This method is based on a
numerical sheath model, which has been shown to be more
accurate than previous modélsThis technique agrees with
the 10 kHz data over the entire range of conditions, within
the £5% uncertainty of each technique.

Each of the model-based techniques will nhow be de-

<
et 120 W | , . . , :
g scribed in detail, followed by a further discussion of the
5 modulated rf bias method in Sec. VII.
3] 60 W
c
S 101k ]
x 0.1 MHz
o 1.0 MHz IV. POWER/VOLTAGE METHOD
o 10. MHz

In many previous studi€s? an estimate of the ion cur-
rent has been calculated by dividing the measured rf power
by a measured voltage. There are several different versions
of this technique: some authors divide by the fundamental or

“peak voltagé&;® but others use the peak-to-peak volt4g?,
dhe dc self-bias voltagéopr, in an inductively coupled reac-

tor, the change in the dc self bias when rf bias is applied.
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this study, dividing by the fundamental voltage gave the mostThe final term accounts for the energy stored in the sheath
accurate results. The following derivation explains why theelectric field. If the field varies during the rf cycle, the energy
fundamental voltage is the best choice. stored in the field will also vary, and the change in the stored
energy must be included in any calculation of the instanta-
neous power. For a perfectly periodic system, however, the
energy stored in the sheath field is the same at time 0 and at
The time-averaged power flowing from the rf biasedtime T, one rf period later. Thus the third term in E)

A. Derivation

electrode into the discharge is integrates to zero. This cancellation is an important founda-

1 (T tion of the power/voltage technique; it is what enables the

Ppe:?fo Vod D)1 1) dt, (1) tec:mique to distinguish ion current from displacement cur-
rent.

where V(t) and | ,{t) are the voltage and current at the ~ Next, we assume, as in previous WG~ *that the ion

electrode surface, and the time average is performed oveéurrent at the powered electrode is independent of time

one rf period,T. The power is the sum of several compo- L(t)=—1, @
i :

nents:
Therefore the first integral in E@6) equals— 1,V s, Where

ge 2) Vpso is the time-averaged value df,(t). The second inte-
whereP  is the power absorbed in the powered shetite  gral can be approximated by considering that the electron
sheath adjacent to the rf-biased electjodR is the power — current only flows during that part of the rf cycle when the
absorbed in the ground sheatthe sheath adjacent to sheath is collapsed, i.e., when the sheath voltage is close to
grounded surfacésPy,, is the power absorbed in the plasma its least negative valu¥s . Therefore, the electron term
itself, andPy is the power dissipated in the connections thatis equal to this voltage times the time average of the electron
ground the grounded electrode. Similarly, the voltage is the&urrent. If, as is usually the case, there is a blocking capacitor

Ppe=Ppst Pgst Pppt P

sum of several terms: of some kind between the rf bias power supply and the elec-
trode, there will be no net dc current across the sheath, and
Ved 1) =Vpd ) +Vgd 1) + V(1) TV 1), ®) the time-averaged electron current must exactly cancel the

whereV (1), V{t), andVy(t) are the voltages across the ion current. Thus,

powered sheath, ground sheath, and the bulk plasma, respec- RYERERY )
tively, and V(1) is the voltage on the grounded electrode, ps™ 10Tps0 T 10T ps max
due to the inductance and resistance of the connections that We also assume that the sheath voltage is sinusoidal,
ground it. Here V(1) is measured from the powered elec- such that

trode into the plasma, so it is always negati%gg(t) is  Vpdt)=Vpget Vper COSOL, 9)
measured from the plasma to the grounded electrode, so it is
always positive. whereV g, is the fundamental or peak amplitude \Bf(t).

For the powered sheath, the voltage and power are refherefore,
lated by Vs mai= Vpsot Vst (10

1 (7 ;
— and Eq.(8) can be solved to obtain
Pps_ffo Vpd )l pdt)dt. (4) q
lo=Pps/Vps1- 11

The total current ,(t) can be expressed as Finally, if we assume that the terms in E@) other thanP ¢

o D) =1i(D) +1e(t) +14(1), (5 and _the terms in Eq3) other thanV(t) are negligible, we
where [;(t), 1(t), andly4(t) are the ion current, electron obtain
current, and displacement current at the surface of the pow- 1o=Ppe/Vper. (12

ered electrode. Plasma electrons and ions flow in the nega- Thus, given the assumptions made above, the ion current

}'Ve qlrect|o_n_(|.e., to the electrodeso I;(t) is negative and is exactly equal to the ratio of the rf bias power and funda-

e(t)slsbp95|t|_\/e. Ea(S) into Eq. (4 btai mental rf bias voltagd/,.;. Nevertheless, the disagreement
ubstituting Eq(5) into Eq. (4), one obtains seen in Fig. 4 indicates that there are errors in these assump-

1 (7 1 (7 tions. In the remainder of this section, we examine each of
Pps=7 fo VpdOli(Ddt+ fo VpdDle(t)dt the possible errors one by one.
T
+ %f Vodt)lg(t)dt. (6) B. Ground sheath voltage and power
0

The derivation given above ignores the rf voltage and
The first term is the power absorbed by ions as they cross theower associated with the bulk plasma, the ground sheath,
sheath. It is positive, sincé,(t) andl;(t) are both negative. and the ground electrode. Measurements performed in a pre-
The second term, however, is negative. It is the pdagrby  vious study* show that the ground electrode power and volt-
plasma electrons that cross the sheath. The electric field iage are indeed often negligible, because the connections that
the sheath accelerates the ions, but decelerates the electrogsound the upper electrode have a low impedance. Similarly,
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FIG. 7. Power ratid®,s/P e, wherePis the power absorbed in the pow-
ered sheath anBl . is the total power flowing into the discharge, plotted vs.

the voltage ratioVs;/Vpe1, WhereVs, andVy,, are the components of the 0.8+

powered sheath voltage and the powered electrode voltage at the fundamen-

tal rf bias frequency. Data are from Ref. 14. 0.7¢
J1.01

0.9f

for the high-density, low-pressure plasmas studied here, the
impedance of the bulk plasma is quite low, so the rf voltage _ _ _
and power associated with the plasma are also negligiblé:.'(;- 8. E”?hrsd'” the Va'ujs of thﬁ_"l’_” ‘;_“”e”t de;e”t"(;‘;f ?V theEpowe”
. 6 Vvoltage metnod expressed as multiplicative error tac 1 from Eq.
Langmuir probe measuremei’ft% detect a dc VOItage dI’Op (13), the error due to the neglect of the ground sheath and bulk plagna;
across the plasma, but this purely dc voltage does not makg from Eq. (14), the error due to the assumption of sinusoidal sheath volt-

any contribution to the total powe? ., and thus it has no ages;(c) k; from Eq. (15), the error due to assumptions about the time
effect on the derivation above. dependence of the ion and electron current; @hdk, from Eq. (16), the

sidual error. Values equal to 1 indicate no error. Values were calculated
On the other hand, the ground sheath voltage and poV\/éui?sing sheath voltage measurements from a previous Stely Ref. 14

Vg{t) and F;és are often too large to be neglected. conditions were the same as in this study, Fig. 4. Xfais is the funda-
Measurements of the fundamental sheath voltagég;; and  mental voltage across the powered sheagh.

Vps1 show that they may be nearly symmetric, such that

Vps1~Vgs1, OF very asymmetric, such that,s;> Vs, with o
psl™ Vgsl s17 Vgs1

greater asymmetry observed at higher rf bias frequencies and By_onlﬁ/ cijon§|dgr|ng fthe power:ed sheath voltage and

higher rf bias voltages. At high frequency and high voItagepOWer ml t I('a ‘?”V"’;t'on 0 Ec(.TZ), the equation is In error

both sheaths have a predominantly capacitive impedancg.y a multiplicative factor equal to

For purely capacitive sheaths, the ratio of the sheath voltages  k;=(Vs1/Vped)/(Pps/ Ppe). (13

is proportional to the fourth power of the electrode are Lo .
ratio?’? Because of this strong dependence on area ratiaoThe similarity in the behavior 0f/ps;/Vper aNdPps/ Ppe Seen

and because the grounded area in the GEC cell is muc'qu Fig. 7 means that these two factors largely cancel out.

larger than the powered area, the sheath voltages are velr&defreodn’qkb’ gﬂigeld(;g ?ﬁé%?édiiﬂwﬁrg?;eﬁ?g:)f;'urﬁgg{ is
asymmetric, if the sheaths are capacitive. At lower rf biashg f ) ‘70/‘ hich i 9 I lain the di
frequencies and lower rf bias voltages, however, the sheatﬁsere ore at most. o, which IS too small to explain the dis-
are predominantly resistive. For resistive sheaths, the ratio oafgreement seen in Fig. 4.
sheath voltages depends less strongly on area%asio the
sheath voltages become more symmetric.

Data from Ref. 14 are summarized in Fig. 7. The ratio The derivation of Eq(12) also assumed that the sheath
Vps1/Vper is plotted on thex axis. Points withV,/Ve;  voltage Vp(t) was sinusoida[see Eqs(9) and (10)]. But
~1, corresponding to asymmetric sheaths, were observed ateasured/ (t) wave forms* are often nonsinusoidal; they
higher bias frequencies and voltages. At lower bias frequeninstead resemble the clipped sinusoidal wave forms produced
cies and voltages the sheaths become more symmetric, ¥y diode circuits. The clipping is produced because the elec-
thatVs1/Vpe1 approaches 1/2. The rati®,s/ P, plotted on  tron current across the sheath, like the forward bias current in
the y axis, shows that the total powé,. is shared by the a diode, depends stronglgften, exponentiallyon the volt-
sheaths in much the same way as the total voltégg. age.
When the powered sheath voltage is domindin¢., at If V(1) is not sinusoidal, Eqs9)—(12) are not valid,
Vps1/Vper=1) the powered sheath power is also dominantbut the ion current can still be obtained from E). Com-
(Pps/Ppe=1). When the division of voltage between the two paring Egs.(8) and (11) shows that the assumption of sinu-
sheaths is symmetri@.e., V,s1/Vpe1~1/2) the division of  soidal sheath voltage causes the ion current to be in error by
power is also symmetricR,s/Ppe~1/2). the multiplicative factor

C. Nonsinusoidal sheath voltage
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K2=(Vps mas— Vpso)/ Vpsi- (14)  sults from the assumption in E¢B) that the electron current
flows only when the sheath voltage is at its least negative
- . valueV . At low values ofV this approximation is

ps max psl:
n ,:: 'g£ 8(b)(.jAtlrl1 t?ke VPS(t)I Wave<fi)rn;st ire lcllppetdkto SOME ot valid. Instead, electrons reach the electrode throughout
ex enr,] anth u |2 |s£awrz11_yi ) 'SdOV‘;eS' 2 ap- | the rf cycle, they lose more power than is assumed by Eq.
proaches the value 2/ which corresponds to a severely (8), andPs, the net sheath power, is therefore less than that

ch;l)tped,v half-wave Lectmed wave form. A‘Z.thf. sh;ahat[] predicted by Eq.8). This error is relatively unimportant,
voltage Vi,s, approaches zerd, increases, indicating tha since such low rf bias voltages are rarely used in etching or

the sheath v_oltgges are becomin.g more sinuso_idal. '_I'his i"ustither plasma processing applications.
trates the principle that any nonlinear system, if excited by a
small enough signal, will behave approximately linearly, i.e.
sinusoidally. A trend towarét,~1 is also observed as the rf
bias frequency is increased, as the magnitude of the sheath Emission of secondary electrons from the electrode sur-
voltage is increased above 30 V, or as the inductive sourctace was neglected in Eq&) and (6). The secondary elec-
power is decreased. These trends are caused by increasesrions carry a currenyl;(t), wherey is the number of sec-
the displacement current. When the electron current—whiclondary electrons emitted per incident ion. As the secondary
is responsible for the clipping—is dominated by the dis-electrons are accelerated across the sheath into the plasma
placement current, the sheath voltage becomes less clippethey absorb a power equal td(t)V,{t). Thus the power

The wide variation ok, in Fig. 8b) means that the error absorbed by ions plus secondary electrons is a factoraf 1
in the ion current due tk, is large (e.g., —37% for k, larger than the power absorbed by the ions alone. The power/
=0.63 and variable. Indeed, the assumption of sinusoidal/oltage method therefore overestimates the ion current by an
sheath voltage is often the dominant source of error in thamountyl;(t), which is equal to the secondary electron cur-
power/voltage method. But,, even when combined with rent. In effect, the power/voltage method counts the second-
the errork, discussed above, still does not account for all theary electron current as ion current.

Values ofk, obtained fromV (t) measurement$are shown

'E. Secondary electrons

error. For Ar" ions incident on clean aluminum surfaces,
rises from 7% at incident ion energies of 400 eV to 9% at
D. Time_dependent ion current 800 8\/.30 At the ion energieS Of th|S Stud%300 eV, Y

. o should be<7%. The resulting=7% overestimate in ion cur-
InEq. (7) we assumed that the ion current is independente is present not only in the power/voltage method, but also
of time. This assumption is valid at very low and very high rfj, 5 the other techniques discussed in this article—they all
bias frequencies. If, however, the rf bias angular frequency efrectively count secondary electrons as ions. Thus second-
approaches;, the ion plasma frequency at the edge of the, .y, gjectrons do not account for any of the disagreement in
sheath, the ion current at the electrode will vary during the rfFigs. 4—-6. Admittedly, ify varies with ion energy, the error
cycle? The assumption of constant ion current introduces &, ion current will be équal to an average valueéofvvhich

multiplicative error factor may differ for the different techniques. Nevertheless, because
ks=Ppd {11)(Vps max— Vpso) ], (15)  vitself is small, any difference between the averages should

. . . , be negligible.
which is the ratio of the power absorbed in the sheath includ-

ing the time dependent ion currelft’tl;S to the power that E Stochastic heatin

would have been absorbed if the ion current had been held g

constant at its time-averaged val(ie). Electrons reflected back into the plasma at the boundary
Estimates ofk, were obtained from a sheath motlel between the plasma and the sheath can gain energy through

which includes the time-varying ion current and flux. Mea-the stochastic heating mechaniThe net power absorbed

surements of ;) from this study andv,(t) from Ref. 14  due to stochastic heatirfgs; was omitted in Eq(6), produc-

were input to the model. These inputs, and the vaIuE’F’gf ing an error which can again be expressed as a multiplicative

output by the model, determirkg. Results are shown in Fig. factor

8(c). At higher sheath voltages and low rf bias freque(yt _ p ;o )

MHz), the ion current does not vary much over the rf cycle, Ka=(Psrt Ppg)/ Pps=Pps/ Pps, (16

ks~1, and the error in ion current due kg is small. But at  whereP is the sheath power from E¢L5) (which includes

10 MHz, 350 W, wherew=0.6w;, k3 reaches a maximum the time-varying ion current but exclud®s) andPis the

of 1.4. According to the model, at~ w;, the oscillation in  total measured sheath pow@rhich includesP,). Using val-

ion current is large and in phase with the sheath voltageues ofP,;s obtained from a sheath modkland measured

Thus the ions absorb more power—up to 40% more—thawalues* for Pps: K4 Was calculated and plotted in Fig(d.

they would have absorbed if their current had been constantUnfortunately, it is difficult to determine if the deviations

The resulting error in ion current values at 10 MHz, of up tofrom k,=1 seen there are due Ry, or are due to the-8%

+40%, is quite significant, but it tends to cancel the erroruncertainty in the measured powers or th6% uncertainty

due tok,. Thus the agreement at 10 MHz in Fig. 4 is actu-in the model powers attributable to the uncertainty in model

ally somewhat better than at lower frequencies. input parameters. Models of stochastic heating might provide
At low voltages in Fig. &) a different trend is observed: better estimates dPg; and its effect on the ion current mea-

as Vs approaches zerdeg approaches zero. This trend re- surements, but such estimates were not attempted.
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The factork, can be considered the residual error re-
maining after the previous errots,, k,, andks, have been
accounted for. From Eq$13)—(16) we obtain

Ppe/Vpe1= kikaoKaka(l). (17

Thus, all disagreements between Big/V ., values and the
independent measurements(tf) are accounted for in one
of the four multiplicative factorsk,, ks, k3, orky.

voltage (V)

Te analytical  (P)
........... model

G. Low-density discharges

The error factors defined above may also be used to
estimate errors in the power/voltage technique in lower-
density, capacitively coupled plasmas. In such dischasges
> w;, and the time variation in the ion current is negligible.
For low-density discharges in argon, the sheaths are capaci- g - T ’n'umeriéal ©
tive, and consequently the powered sheath voltage tends to : model .
be sinusoidal and much larger than the ground sheath
voltage3! Thus, the errors due to;, k,, andks tend to be
small. Furthermore, when capacitively coupled argon dis-
charges are operated at relatively high power levels, over T/ .
90% of the power is absorbed by ions in the shéath N
Therefore, the fraction of the power absorbed by electrons
via stochastic heating/P s is small andk,~1. On the
other hand, at low power levels barely sufficient to maintain
the dischargeP/Pis as high as 9094 ~34Therefore, Eq.  FIG. 9. (a) Measured wave forms for the sheath voltagg(t) and the
(16) gives k,=10, and the ion current obtained from the e'e°t|20de VO.'t?‘ge\/np(et();)thféoéTecF:f; 1(;'5 'T‘:(;‘e??;'gr?t f;"rlg%nv"cf:ﬁpq\égé(t;)
power/voltage technique is too high by an order of magm._lrj(at():, 2?1; ir?tl)n]lr(r)lgtained from an an’alytig sheath rﬁod@e Ref. Z)ZShOV\;-
tude! Thus one should not use the power/VOItage method 'W\g that only the ion current contributes at tig (c) Currents obtained
capacitively coupled, electropositive plasmas unless one igom a more accurate numerical sheath motste Ref. 21 which shows
sure that the applied power is high enough that 1. that the ion current varies with time, and thatto) # 0. Conditions are 10

For capacitively coupled discharges in electronegativdHz rf bias, 120 W source power, anaf ;= 1.0.
gases, the power absorbed by bulk plasma electi®gsin
Eqg. (2), may be significant or even dominant. Consequently, . ) L )
use of the power/voltage method in such discharges is ndtdes with the minimum in the electrode voltaygd(t).
recommended. For extremely electronegative discharges thUS one need not measwg(t), which would require that
method of Van Roosmalénwhich assumes all the power is @ capacitive probe be inserted into the plasma; one can in-

dissipated in the bulk plasma, might be useful. stead determine the ion current only frarg(t) andl (),
which are measured outside the plasma reactor. Similarly,

I,(t1), the value of the rf current at the time whep(t) is
maximized, gives the ion current at the grounded electrode.
A second method for determining the ion current from rf Unfortunately, the analytical method suffers large errors
measurements has been recently propddezhll it the ana- at 1-10 MHz(see Fig. % because of flaws in the analytic
lytical method, because it is based on analytical sheatsheath models on which it is based. The analytic models treat
models??~?43%that is, models that are simple enough to ex-the ion dynamics within the sheath using simplifying as-
press the current—voltage relation of the sheath as a simpBimptions that are only valid at very low or very high rf bias
analytical equation. In such models the displacement currertequencies. In particular, they do not include the time varia-
is assumed to be some function of the sheath voltage multiion in the ion current which, as discussed above, occurs
plied by its time derivatived V,¢/dt. Thus, at the minimum when w, the rf bias angular frequency, approachgs the
of the sheath voltage wave form, whet¥,,;/dt=0, the dis- ion plasma frequency at the edge of the sheathwAtw;,
placement current is zero, according to analytic mod&ee the ion current oscillates strongly over the rf cycle, as seen in
Fig. 9@ which shows the voltage minimum at the time la- Fig. 9c), which shows the currents predicted by a more ac-
beledt,, and Fig. 9b) which shows the currents predicted curate, numerical sheath motfethat includes a complete
by an analytic mode). Furthermore, itV (to), the minimum  treatment of time-dependent ion motion in the sheath. For
value of the sheath voltage, is sufficiently negative, then althe conditions shownd/ w;=1.0) the oscillation is roughly
plasma electrons will be repelled by the electrode and thén phase with the sheath voltage. Therefore, the ion current at
electron current(ty) will also be zero. If the displacement time t, is more negative than its time-averaged value, and
current and electron current both vanish then the total currerthus the value of the ion current obtained by the analytical
| (tp) must be equal to the ion current. Finally, Figa@ method tends to overestimate the time-averaged ion current.
shows that the minimum of the sheath voltagg(t) coin-  This overestimate, visible in Fig. 5, is largest at 10 MHz, at

current (A)
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V. ANALYTICAL METHOD
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inductive source powers of 350 and 120 Where w/w; at a time-varying positioW(t). On the plasma side of the
=0.6 and 1.0, respectively’ The overestimate is smaller at stepn,~n;; on the sheath side,<n;. Therefore, Eq(20)
1 MHz. At 100 kHz (and 10 kHz the oscillation in the ion s replaced by
current at timet, is negligibly small, and the analytical
method gives the true, time-averaged ion current. _ ‘92_\/: E: 0, x=W(t) (21)
Another error is also present. The prediction thgt,) ax* X |eney, X<W(t)’
=0 made by the analytic sheath models is only valid dor
>w; Ofr w<w;, Not atw=~ w;. For o> w;, the ion density,
n;(x,t), is independent of time. Fav<w;, the ion density
profile moves in and out but does not change its shape. |
either of these limiting cases it can be shown thdt)
=0, as in Fig. %). At o~ w;, howevern;(x,t) varies with
time in a complicated manner, ang(ty)#0, as shown in
Fig. 9(c). |o(Xpes ) = € Apdleg( kg Te/2mme) 2
The numerical sheath model of Fig.c® accurately pre-
dicts all the behavior of the analytical method results seen in Xexp[eV(Xpe, ) —eV(Xo, 1) [/kgTe},  (22)
Fig. 57! Therefore, all of the disagreement in Fig. 5 can bewhereA,. is the area of the electrode, which is located at
attributed to the time-dependent ion current and ion density= Xpe, @ndng is the electron density at the center of the
effects that are neglected by analytical models but are inplasma, i.e., at=x,. For non-Maxwellian distributions, Eq.
cluded in the numerical model. The numerical model is de{22) may still be used, witm., andT, obtained by fitting the

This approach results in a great savings of computation, of-
ten with little or no loss of accuracy.

N Although we neglect the density of electrons at
<W(t), such electrons do carry a non-negligible current to
the electrode. For a Maxwell-Boltzmann distribution of
electrons at temperatuik,, this current is

scribed in more detail in Sec. VI. high-energy end of the electron velocity distribution func-
tion. Finally, the ion current, displacement current, and total
VI. NUMERICAL METHOD current are given by
The discussions of the errors in the power/voltage and  [(x,t)=—en(x,t)u;(X,t)A, (23
analytical methods presented above have already made use
of a more exact, numerical sheath model. This model has !da(X,t)=—€AIE(X,t)/dt, (24)

been derived, validated, and discussed in detail in a previoug,q

article?! This section briefly summarizes the model and

shows how it is used as the basis of another method for (1) =1;(X,t) +1e(X,t)+14(X,1). (25
determining the ion current.

A. Sheath model B. Using the model

The sheath model is one dimensional. A single coordi- 1€ input parameters of the model, as implemented in

natex indicates the position along the axis perpendicular toR€f- 21, are: the voltage across the Shé‘éﬁw)_; the total,
the electrode surface. Gradients, velocities, and electric fielddMe-averaged ion current through the shedgh; the effec-
parallel to the surface are ignored. tive electron temperatur€,; and—if the electron distribu-

lon dynamics are modeled by fluid equations, which de-tir?n ?s n|°t Mach_ellianf—rt]he prefalctcneo in Eq. (22). psing
fine the ion density: (x,t) and the mean ion velocity; (x,t) this implementation of the model, one can determine an un-

as functions of positiox and timet. For argon discharges, known(l;) by i'teration, by varying the value df;) input to
we need consider only a single ionic species’ Avith mass the mode_l untill(t), the total current output by the model,
m,=40amu and charge e.% At sufficiently low pressures 29rees with,(t), the measured current.

we may ignore ion collisions and ionization within the sheath ~ Unfortunately, such a scheme is inconvenient because
and write the ion fluid equations as one must know/(t), the sheath voltage. To measig(t)

requires that a probe be inserted into the plasma, which is

du;jldt+u;du; [ax=eB/m, (18 often impractical or impossible. Without such a probe, only
and thg vqltgge on the electrodg,(t) is known. One solution to
this difficulty is to recast the model so thg(t), the total
a(niu;)/dx=—an;/dt, (19 current, is a model input and,(t) is a model output. One

where E(x,t) is the electric field. Analytic sheath models can then varyl;) until the modelV (t) wave form fits the
omit the du; /t term in Eq.(18) and thedn; /4t term in Eq. ~ Measured/p{t) wave form. This technique is described fur-
(19), but these terms must be retained if the model is to béher and evaluated in Ref. 11.

valid at o~ w; . An even better approach is to use the model to simulate
We obtainE(x,t) and the electrostatic potentigi(x,t) both sheaths. The simulation of each sheath is completely
from Poisson’s equation and Gauss’s law: independent from the other except for two simultaneous
. equations that the sheath voltagés(t) andVy(t) and the
— VT 9x"=oElox=e(n;—ne)/ &, (200 sheath currentb,{t) and|{t) must satisfy:

whereng(x,t) is the electron density ang, is the permittiv-
ity of vacuum. Using the oscillating step formaligh?®we
assume that the electron density profile has a step-like drognd

Vpd )+ Vd )=V ) = Vgd ) +V,, (26)
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TABLE I. Input parameters for the numerical methégT . sandkgTegsare .
the energies equivalent to the electron temperature at the powered electrode 0 L(a) i t
sheath and at the ground sheath, obtained from Langmuir probé aia;

the dc voltage drop across the plasma in the radial direction, obtained from °

measurements of the floating potential of the lower electrdexe) ) is the 8 -50r )
time-averaged ion current at the grounded electrode, obtained by fitting § I

selectedl ,((t) wave forms at timet;, when the sheath voltage is maxi- -1001 7
mized; Ay is the area of the grounded electrode, estimated from the dimen- , . .

sions of the plasma reactor, ang is the ion mass. Different values df 1.0 '(tl)) ' ' i
and(li(xq9)) were used at different inductive source pow¢s8, 120, and —

350 W). To perform a sensitivity analysis, each parameter was varied sepa- < 05k |
rately over the range indicated in the third column. The fourth column ?; l

shows the maximum effect that varying each parameter hdti0g.0)), the § 0.0k I i
time-averaged ion current at the powered electrode output by the numerical o

method. _0_5—_ \/\/\/\/\/T/\/\/\/\/ J

Parameter Value Range Effect 0h(Xpo) 05 | () |

Ke T eps 30eV  20-45eV 9% =

KeTegs 30eV  20-45eV 4% 5 o.0f ~— Ldj ]

V, (60 W) 6.9V 0-14V 7% 5

V, (120 W) 6.5V 0-13V 4% © o5k ]

V, (350 W) 59V 0-12V 2% ol

(1i(Xgd) (60 W) 01A  0.03-0.3A 2% Y BTN

(I i(Xg(=)> (120 W) 04A 0.1-1A 1% time (us)

(Ii(%49) (350 W) 15A 03-3A 1%

Age 0.6 nf 0.3-1.2 2% FIG. 10. (@) Example of a modulated rf bias wave form, in which a sinu-
m, 40 amu  20-80 amu 9% soidal voltage is interrupted for a time interval lasting frgnto t;, during
aSee Ref. 21 which the voltage is held constarib) The electron current,(t) and ion

current |;(t), and (c) the displacement currert(t), obtained from the
numerical sheath modékee Ref. 2L In the interval between, andt;,
14(t) decays to zero anfj(t) stabilizes at its time-averaged value.

lpd ) =1gd1). (27

Here, Vi(t) and Vgdt) are the voltages on the electrodes analysis, to mimic situations in which many ions may be

andV, is the dc voltage drop across the bulk plasma in the : : . .
radialrdirectionl3'26At gach tiFr)net the sheath WigthW () present and the identity and mass of the dominant ion are
: , b

and W{t) are varied, using Newton's method in two unknown. The table shows that large changes in the input

. S 7 3g g parameters result in much smaller changed i(x,J)). This
?Amegsmtr;]s”, . dtlﬁnt” Eqks.(26) Etlgd(2|7) ta_ref_sﬂsﬂed. Orr]wce _suggests that one could obtain accurate valued 0k,¢))
ca?cslaetid f\;vcl)m éazrzel) r]ﬁ\]/g:], th: %EC :allcoc;i'ese;ﬁ:jy\éiver?f-l ven in situations where one had rather imprecise estimates

u al=). lon v . " of the other input parameters.

t'is %re up?ated tUSIrtlgtEqGLS) tan? (eltg)li and we move The sheath voltages and the ion kinetic energy distribu-

a e?_ one tlrr]ne S epl ?. € nex vaut -0 - 0 and tions at each electrode are model outputs. Thus, they are

Ve(t)ovxr/l;?/e forms, l:hael?r?édoer;ep;?;;eltg?s |is?§§(ir)1 Table 10Ptained with no_additonal work, oncel;(x,d) and

agd a first guess fé(n-(x o), the time-averaged ion current {li(xgd) have been Qetermmed by _the_ procedures above.

e/ . L9 Sheath voltages and ion energy distributions at the grounded

at the powered electrode. The simulation is repeated foélectrode, obtained in this manner frovh,(t) and | (t)

\;azlgg V?:]ufhse ?1:<;;a(xp%>d ufn gl tr;e Togflt_;uer;enﬂ Psé;)n measurements of a previous stddyagree with capacitive
grees wi sured rf curregy(t) ' 0, W probe and mass spectrometer measurements over a wide fre-

:2?1tV:tIt;%e\/rPS(JZ\(IjZ?:aT;n;tlrzgg.((->r<h3)tlgqaer;z\(s;ag:gt;?z:i:;;- quency range. The ability to determine sheath voltages and
9 B(%g ' _jon energies, in addition to the time-averaged ion current, is

by varying it until the model current anq meas:ur_ed currenta great potential advantage of methods based on the two-
agree at timeé;, when the sheath voltage is maximizethe .
: 2 . sheath, numerical model.

resulting values ofl;(xpe)), shown in Fig. 6, agree with
direct mgasurements of the ion current at 10 Isz. They.als%“. MODULATED RF BIAS
agree with results from the modulated rf bias technique
shown in Fig. 3. To investigate whether the rf bias itself affects the ion

Values of the input parameters used to obtain the resultsurrent, one can use voltage wave forms like the one shown
of Fig. 6 are given in Table I. The table also provides figuresn Fig. 10a). Initially the wave form is sinusoidal. Then, at
for the sensitivity of(l;(x,¢)) values to variations in the timet;, when the sinusoid reaches its minimum valig,,
input parameters. The area of the grounded electigdevas  the sinusoid is interrupted and the voltage is instead held
included in the sensitivity analysis, since it may vary, de-constant aV,,,,. Then, at timed;, the sinusoid resumes, with
pending on how well the plasma is confined. Argon plasmashe same phase it had &t During an interval starting &t
in the inductive GEC cell extend far out to the chamberand lasting a time comparable to the time it takes ions to
walls, and even out the pumping port, so the valued\gf cross the sheath, the displacement current decays to zero and
are large. The ion mass was also included in the sensitivityhe ion current stabilizes at its time-averaged value, as shown
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in Figs. 1@b) and 1Qc). After this stabilization occurs, the 0.05F(@ : T : T ]

total rf current is equal to the time-averaged ion current. =~ ]
Stochastic heating—and the ionization that results from g 1

it—does not occur during the interval betwegnand t;. % 0.00F

Nevertheless, ions created in the plasma during the sinu- > 1

soidal portion of the wave form diffuse to the sheath only -0.05} ‘ , LT

very slowly, on a time scale of100 us, according to Lang- (b) ' ‘ '

muir probé® and mass spectromet€rmeasurements in s O 1

pulsed, inductive discharges. The ion current measured dur- g 50f .

ing the constant portion of the wave form will therefore in- % ]

clude ions generated during the preceding 1890 period, >-100r

when the bias voltage was sinusoidal. Thus, by measuring -150[, — . ; ]

the rf current betweety andt;, one can determine the total 1 | (©) ]

time-averaged ion curremmcluding any increase due to the < |

application of the rf bias. 5ol 1
To generate the voltage wave forms, the signal generator 3

in Fig. 1 was replaced by an arbitrary function generator. -r 1

Wave forms were specified digitally, with 12 bit accuracy, at o0 05 10

a sample rate of 40 MHz. For sinusoids at 10, 1, and 0.1 time (uis)

MHz, the time intervalt;—t; was set to 0.4, 1, and 2,6s,

respectively Thug:—t: was always |0nger than the time it FIG. 11. Examples of wave forms measured by the modulated rf bias tech-
K . ' f Iil heath b h sh nique, at an inductive source power of 120 W) voltage at the input of the

takes |ons_ to cros_s the sheath100 ng but much shorter rf amplifier, (b) voltage V,(t) at the output of the rf amplifier, antt)

than the time for ions to leave the plasrtal00 uS). TO  currentl (t) at the output of the rf amplifier.

maintain O dc voltage at the input to the amplifier, and to

enable ion current measurement at the grounded electrode, ) _ ) _

the wave forms included a second interval of lengtht; however, the resulting underestimate in the total ion current

during which the voltage was held constant atritaximum IS negligible(at worst 0.2%. N

value. The duty cycle, i.e., the fraction of the time during  Of Some experimental conditions, thg,(t) wave form
which the voltage was sinusoidal, ranged from 95% at 0.1¥@S not constant during the interval betweerandt;, but
MHz to 99% at 10 MHz. The specified wave forms can behad a slqpe Wh"?h was s_omenmes as large as mx@ne
repeated endlessly; once the function generator comes to tﬁgntnbutlon to this s[ope IS caused' by the cu.rrent flowing out
last specified voltage it loops back to the first without any0 the plasma charging up the series capacitance on the out-

additional delay. Tvpically. the voltage wave forms were a _put of the rf amplifier. Distortion caused by nonidealities in
: y- lypically, ge W Pthe rf amplifier also contribute to the slop&/,/dt. If all of
plied for several seconds before acquiring data.

Typical measured wave forms are shown in Fig. 11. Thethe change iV, occurs across the powered electrode sheath,

voltage at the amplifier input is shown in Fig. (81 The a displacement current equal @dV,,/dt will flow across

tageV (1) at th tout of th lif d by th the sheath. HereC ¢ is the sheath capacitance, which can be
voltage m(t) at the output o (e ampiiier, measured by € 5. |ated using values of the sheath width from the sheath
oscilloscope voltage probe, is shown in Fig(d1 It is de-

laved and di q H q he i q model of Ref. 21. Also, part of the current flowing to the
ayed and distorted somewhat compared to the intendege ode does not flow through the current probe but instead

wave form irl Fig. 113), but this does not affect the success o through a parasitic shunt capacitafg=67 pF. The
of the technique. In Fig. 1t), the current ,(t) measured by o 01 in the ion current due to these two effects(Cpe

the current pr_obe s_hows a flat section Whlch, after averaging. CpddVpy/dt, is small. For the data shown in Fig. 3 itis at
to remove noise, gives us a value for the time-averaged i0fyqst 296, and usually much smaller. The error is largest at
current, including any increase due to the application of thgne |owest rf bias amplitudes. High rf bias amplitudes in-
rf bias. Itis not necessary to first convegf(t) (the measured crease the sheath width, causing the sheath capacitance
curren) to Ip{t) (the corrected current During the time Cps—and the error associated with it—to decrease.
period wherd ,(t) andV,(t) are flat, they are unaffected by In performing the modulated rf bias measurements one
the phase delays in the measurement apparatus or the stréfyould minimize capacitive and inductive pickup of noise
impedance of the reactor. signals at the amplifier input. Any stray coupling between the
Values of the ion current obtained by the modulated rfamplifier input and the high-power, high-frequency signals at
bias technique are shown in Fig. 3. For some points therghe amplifier output(or in the plasmawill be a source of
may appear to be an increase in the ion current with increageedback. | have occasionally observed lafge.00 V), un-
ing rf bias frequency, but it is within the:5% measurement desired, high-frequenci~100 MH2) oscillations at the am-
uncertainty contributed by the uncertainty in the gain andplifier output, which presumably result from such feedback.
offset of the oscilloscope and probes. Admittedly, the tech-  Another potential problem is the extent to which the de-
nique slightly underestimates the effect of the sinusoidal riired voltage wave form would be distorted if the rf substrate
bias on the ion current, because the duty cycle of the modubias circuitry were equipped with a matching network. If one
lated wave forms is less than 100%. For the data in Fig. 3knew the exact state of the matching network one could ac-
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