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The characteristics of emissive probes in unmagnetized high pressure~<1 Torr! argon and helium
plasmas, produced by inductively coupled 13.56 MHz rf power, are studied. A procedure is given
for interpreting emissive probe current–voltage~I –V! characteristics. TheI –V curves indicate the
amplitude of the rf fluctuation of the plasma potential. They also show ionization near the emissive
probe when the potential drop between the emissive probe and the plasma potential is more than the
ionization potential. Experiments show that when the temperature of the emissive probe wire and/or
the neutral pressure is increased, ionization becomes significant. An increase in the local ion density
due to the additional ionization was demonstrated by theI –V curves of an emissive probe and a
nearby Langmuir probe. A simple procedure is presented for interpreting these results. ©1996
American Institute of Physics.@S0034-6748~96!01111-2#
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I. INTRODUCTION

The plasma potential is an important parameter in m
plasma experiments. TheI –V characteristic curves of Lang
muir probes depend on both the plasma potential and
electron velocity distribution function. When electron tai
plasma drifts, or rf is present in the plasma, the floating
tential of a Langmuir probe is no longer indicative of th
plasma potential.1 On the other hand, emissive probes ha
been demonstrated to provide a reliable measurement o
plasma potential at lower pressure~<10 mTorr!, in the pres-
ence of electron tails, plasma drifts, and rf.2–8 It has been
shown that the floating potential of a strongly heated em
sive probe provides an approximation of the plas
potential.9 However, as the gas pressure is increased i
weakly ionized plasma, there is a strong tendency for a c
rent discharge to be established near the probe. Elec
emission from a strongly heated emissive probe can hea
perturb the local potential near the probe, and in additi
can melt the emissive probe.

The inflection point method of interpreting an emissi
probe10 is an advance over the floating potential techniq
because it does not require a strong emission. The inflec
point of theI –V curve in the limit of zero emission gives th
plasma potential. The inflection point is determined w
high accuracy by differentiation of the emissive probeI –V
curve. The inflection point is followed as the emission
decreased to zero emission. However, in practice, bec
the peak of the derivativedI/dVb , whereVb is the bias
voltage, is often small compared to noise and because o
presence of operational amplifier turn-on transients, the
flection point is normally distinguished by its variation wi
changing emission current.10 It has been shown that the po
tential difference between two peaks in the differentia
I –V trace of an emissive probe gives a good indication
the fluctuation in the plasma potential.11 Recently, it has
been reported12 that a potential structure at the crest a
trough phases in an rf oscillation near a powered electr
~for pressure<0.2 Torr! can be observed and the rf electro
sheath thickness can be estimated using the emissive p
technique given in Ref. 11.
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The emissive probe inflection point method in the lim
of zero emission has another important advantage. It is
only probe technique that allows measurement of the pla
potential within cathode sheaths where the plasma is n
neutral. To date, measurements have only been carried o
low pressure using this method12,13 because of uncertaintie
in the use of the technique at higher pressure.

As the neutral pressure is increased, it becomes m
difficult to determine the plasma potential. At pressur
greater than 0.2 Torr, ionization can substantially incre
the local plasma density in and around the sheath reg
because the ionization mean free path becomes compa
to or smaller than sheath dimensions. The perturbed den
increases the local plasma potential.14 This effect gets worse
with increasing electron emission or when the probe is
ased far above or far below the plasma potential. The ion
electron currents associated with this increase can far ex
those of the unperturbed plasma. This can be a serious p
lem when the peak-to-peak rf voltage in the plasma exce
the ionization potential of the neutral gas so that increa
ionization current competes with probe emission curre
Application of the inflection point method can be difficu
since the inflection point is normally distinguished by
variation with changing emission current. Nevertheless,
this article, we show how to use the inflection point tec
nique to detect the plasma potential in the presence of r
pressures as high as 1 Torr.

II. EXPERIMENTAL APPARATUS

The experimental apparatus is shown in Fig. 1. The re
tive position, orientation, and size of the electric probes
also presented. The system consists of a cylindrical vacu
chamber with a roughing pump. The neutral gas pressur
the chamber was varied from 10 mTorr to 1 Torr. A one tu
ring antenna in the vacuum chamber is insulated from
plasma with fiber glass. The 13.56 MHz rf power supply
connected to the antenna using a capacitive matching cir
which is adjusted to minimize the reflected power.

A movable Langmuir probe with a 1/4 in. diam one
sided disk was used to measure theI –V characteristic curve.
/67(12)/4130/8/$10.00 © 1996 American Institute of Physics
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The I –V curve was then used to calculate the basic par
eters of the plasma. The filaments of the emissive probe
of thoriated tungsten, 0.0025 cm in diameter and 0.5 to
cm long. The filaments are spot welded to gold coated c
per wires and insulated with ceramic. The probe shafts
constructed of 8 mm stainless steel tubing with coaxial
ramic tubing for insulation. BNC connectors are used for
emissive filament heating and bias voltage connections.

A schematic diagram of the circuits used for this study
shown in Fig. 2. A dc heating current was supplied by
floating power supply which consisted of an isolation amp
fier with a buffer output as shown in Fig. 3. The heati
voltage could easily be controlled by increments of 0.01 V
the D/A output channel. Both the heating voltage and
bias voltage of the emissive probe were computer control
AnotherD/A output channel was used to produce a sawto
voltage with a range of25 to15 V, which was amplified by
an operational amplifier to be2100 to1100 V. A resistor
voltage divider was used to transfer the sweep voltage to
A/D input channel to monitor the actual sweep voltage.
current sampling resistor with a capacitive filter was used
convert the probe current to voltage and to transfer the

FIG. 1. The experimental set up.

FIG. 2. A schematic diagram of the emissive probe circuits.
Rev. Sci. Instrum., Vol. 67, No. 12, December 1996
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lected voltage to anotherA/D input channel. This set up
allowed real time data collection.

The data were extracted and corrected by a data proc
ing program. The procedure was~1! collecting theI –V data
with rf plasma,~2! collecting theI –V data without rf power
~i.e., the load line!, ~3! smoothing both sets of data,~4! de-
termining the slope and the shift of the load line, and~5!
reproducing the ‘‘pure’’I –V curve by subtracting the load
line data. These data were reproducible and gave a reli
measurement of the probeI –V characteristics.

The same circuits and procedure was used to obtain
I –V curve of a collecting Langmuir probe~without supply-
ing a heating voltage!. From a semilogI –V characteristic
plot, the electron temperature was determined from the sl
of the I –V curve near the knee at the minimum value of t
fluctuating plasma potential. This required identification
the minimum value of the plasma potential. Once the te
perature and ion saturation current were known, the plas
density was calculated using the Bohm current formula.15

III. EXPERIMENTAL RESULTS AND DISCUSSION

A representativeI –V trace of an emissive probe in a
gon plasma at 0.5 Torr neutral pressure for small rf pow
~10 W! is shown in Fig. 4. The data exhibit a number
features. The pointsD andE are obtained from the differen
tiatedI –V trace corresponding to Fig. 4, given in Fig. 5. Th
segmentDE is of major importance. It represents the plasm
potential fluctuation amplitude. The midpoint ofD and E
gives a time averaged plasma potential. The linear segm
FG andBC have been identified as the electron saturat
current and the temperature limited emissive current, resp
tively. These emissive probe characteristics generally can
found at low pressure. The nonlinear segmentsGH andAB
are a more interesting phenomena in high pressure
charges. Both lines deviate from the continuation of lin
FG andBC ~which are shown as dashed lines! can be ex-
plained as ionization currents. The pointsB andG are from
the onset of ionization.GH is produced when the emissiv
probe is biased to a sufficiently large positive bias andAB
occurs when it is biased to a sufficiently negative bias w
respect to the plasma potential. The midpoint ofB andG

FIG. 3. A detailed schematic of the isolation amplifier with the buffer outp
shown in Fig. 2.
4131Emissive probes
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also gives a time averaged plasma potential which is
agreement with the value determined by the inflection po
method.

The details of the differentiated curve in the region b
tweenC andF are shown in Fig. 6. These data resemble d
shown in Ref. 3 and allow identification of the differenc
voltage between the two peaks as a measure of the pla
potential fluctuation amplitude.11 This hypothesis was
checked by varying the rf power. As seen in Fig. 7, t
difference between the two peaks increases approxima
linearly with increasing rf power~with a zero power inter-
cept approximately equal to zero!.

The variation in the inflection point potential with emi
sion current is given in Fig. 8 for rf power equal to 15 W a
neutral pressure equal to 0.5 Torr. These data show tha
emission is decreased, the upper~VPH! inflection point
moves to higher potentials while the lower~VPL! inflection
point moves to lower potentials. The time average plas
potential, defined as the potential midway between the
inflection points, is approximately constant with emissi
current. Also note, the probe behavior shown in Fig. 8
similar to those previously found at much lower pressure11

For the data shown in Fig. 6, the minimum plasma p
tential ~VPL! of peakD is 6.3 V, and the maximum plasm

FIG. 5. The derivative of the current vs bias voltage of the data given in
4. The two peaks of the plasma potential are labeled.

FIG. 4. TheI –V curve of the emissive probe for Ar plasma at 0.5 Torr. T
interesting regions are labeledA–H. The short arrows point to the onsets
ionization and the fluctuating plasma potential.
4132 Rev. Sci. Instrum., Vol. 67, No. 12, December 1996
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potential~VPH! of peakE is 13.7 V. Therefore, the amplitud
of the fluctuation is approximately 7 V. The midpoint o
these two peaks~10 V! is the time averaged plasma potent
Vp .

11 Our experimental data also indicate that the time
eraged plasma potential increases with increasing sinuso
rf power. In Fig. 9, the two curves represent the results
argon plasmas at neutral pressures of 0.1 and 0.75 Torr
spectively. The data in Fig. 9 show that the plasma poten
becomes more positive as the neutral pressure increase
the same rf power.

Figure 4 also shows that segmentsFG andGH, with
bias voltagesVb.(VPH!, contain contributions from the
electron collection current. The plateau segmentFG corre-
sponds to the usual probe electron saturation current. H
ever, the electron current is observed to increase as the p
tive bias voltage is increased. This is plotted as segmentGH.
This increase in electron current can be explained by a
tional ionization when the bias voltage is more positive th
the minimum value of the fluctuating plasma potential. T
onset of ionization occurs at a bias voltage of approximat
22 V atG, while the minimum fluctuating potential~VPL! is
approximately 6.3 V. The difference in potential is then a
proximately equal to the ionization potential of the argon g
~15.8 V!, so plasma electrons can acquire enough energ

.FIG. 7. The voltage betweenVPH andVPL of the emissive probe as a func
tion of rf power.

FIG. 6. A selected range of theI –V curve in Fig. 5. Notice the fluctuating
plasma potentialVPL andVPH.
Emissive probes
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ionize the gas in going from the background plasma to
probe.

Electron emission is not critical to the sudden increase
electron current seen with emissive probes as shown in
4. In fact, the same phenomenon was observed in theI –V
trace of a Langmuir probe as shown in Fig. 10. The exp
mental conditions are approximately the same as in Fig
Note that again the current begins to increase at appr
mately 22 V.

When the log(I ) is graphed vs bias voltageVb ~see Fig.
11!, knees are apparent at about 6.3 V and another at a
26 V. The lower knee corresponds to the minimum plas
potentialVPL ~labeledD in Figs. 4–6! identified by the emis-
sive probe. The knee at around 26 V can then be identifie
a consequence of ionization as it was for the emissive pro

By fitting a line to the slope of log(I ) vs Vb on the
semilog plot Fig. 11, the electron temperature can be ca
lated using:13

Te5e
dVb

d ln~ I !
. ~1!

The plasma electron density was determined from the
saturation current~see Fig. 12! using:

I sat5
1

2
neAATe

mi
. ~2!

FIG. 9. Time averaged plasma potential as a function of the rf powe

FIG. 8. VLP , VLH , and the time average plasma potential as a function of
increase in the temperature limited current.
Rev. Sci. Instrum., Vol. 67, No. 12, December 1996
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Here I sat is the ion saturation current,ne is the electron
plasma density,Te is the electron temperature,A is the probe
disc area, andmi is the ion mass. The electron temperatu
and the electron density are 1.4 eV and 2.13108 cm23, re-
spectively, for Figs. 4 and 11.

In this way, we also measured the electron tempera
and the electron density as a function of neutral gas press
at the center of the chamber~see Figs. 13 and 14!. Figure 13
shows that the electron temperature decreases with incr
ing gas pressure. Figure 14 shows that the electron den
increases with increasing gas pressure.

In Fig. 4, a short straight lineBC for a temperature
limited emissive current is observed. This is due to the fin
wire temperature. However, it was observed that the em
sive probe current was not limited when the emissive pro
was biased more negatively. When the emissive probe
biased negative, with respect to the maximum plasma po
tial ~VPH513.7 V!, by an amount greater than the ionizatio
potential of argon~ei515.8 V!, additional ion current from
ionization was produced shown as segmentAB in Fig. 4.
Also in Fig. 4, the onset of ionization was at approximate
22 V atB. Therefore, the presence of the onset of ionizat
for both positive and negative bias voltages provides ano
way to determine the time average plasma potential with
emissive probe. In Fig. 4 the midpoint ofB andG gives the
time averaged plasma potentialVp510 V, in agreement with

FIG. 10. I –V curve of the Langmuir probe.

FIG. 11. Semilog plot of the Langmuir probeI –V curve in Fig. 10.

e
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the value determined by the inflection point method, withD
andE in Fig. 5.

When the emissive probe is biased negatively with
spect to theVPH, the electrons emitted from the filament a
accelerated to the plasma potential. This gives the elect
sufficient energy to ionize the background gas if the poten
difference exceeds the ionization potential. The ionization
restricted to a region within the order of the ionization me
free pathli . At high neutral pressure, the size of this regi
can become comparable to the sheath dimension. The ion
tion increases the plasma density near the emissive p
with a corresponding increase in the ion saturation curren
the probe. The ion saturation current also increases with
emissive probe wire temperature. Figures 15 and 16 s
I –V characteristics of an emissive probe at four probe te
peratures for helium and argon plasmas, respectively. W
the temperature of the wires increases, the ionization
comes significant at smaller negative bias voltages. The
also show that the onset of ionization occurs at a lower b
voltage in argon than in helium, consistent with the ioniz
tion potentialei of argon and helium gas~15.8 and 24.6 eV,
respectively!.16

Figure 17 shows theI –V curves of an emissive probe a
approximately the same wire temperature but at differ
pressures. These curves correspond to approximately

FIG. 13. Electron temperature of Ar plasma as a function of pressure in
middle of the chamber.

FIG. 12. A detail of the Langmuir probeI –V curve in Fig. 10.
4134 Rev. Sci. Instrum., Vol. 67, No. 12, December 1996
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same temperature limited emissive current (I em) with differ-
ent ionization currents (DI i). The ionization currents all in-
crease with neutral pressure when the emissive probe is m
positively or negatively biased than the ionization potenti
with respect to the plasma potential. It is apparent that
I –V curves of the emissive probe are not symmetric at po
tive and negative bias voltages.

The asymmetry is present because the ionization c
rents have different origins. Although both increases are
result of increased ionization, the increased negative cur
in the negative bias ionization region is due to extra i
current, while the increased positive current in the posit
bias ionization region is due to increased electron collecti
In addition, the ionization takes place in different location
For the negative bias, electrons emitted at the probe are
source of the additional ionization. For the positive bias,
additional ionization takes place within the sheath wh
plasma electrons gain energy as they accelerate toward
probe wire.

In the negative bias case, the enhanced ionization
due to the emitted electrons is in the order ofI em/e. Since
sufficient energy is not available for multiple ionization p
electron and the ionization takes place within a region
order of one mean free pathli of the emissive probe wire

e

FIG. 14. Electron density of Ar plasma as a function of pressure in
middle of the chamber.

FIG. 15. I –V curve of the emissive probe for He plasma at four probe w
temperatures at 0.5 Torr.
Emissive probes
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Ions are lost at the sheath boundary and at the boundar
the enhanced ionization region, with enhanced loss r
given approximately byDncspsL andDncspl iL, respec-
tively, see Fig. 18. Heres is the sheath thickness,L is the
wire length,Dn is the enhanced ion density, andcs is the ion
sound velocity.

The total particle flux is still conserved. In equilibrium
the total ion loss current equalsIem. The total currentI is
given by

I5I em1DI i , ~3!

where,I is the measured current by the emissive probe,I em
is the emitted electron current, andDI i is the portion of ion
current~due to the ionization byI em! collected by the probe
rather than lost to the outer boundary of the ionization
gion, as in Fig. 18. Assuming that most of the ionizati
takes place outside the sheath~assumings!l i! the increased
ion currentDI i was given by

DI i52psLIem/2p~s1l i !L'I ems/l i5I emsn0s~e!, ~4!

where,

e5e~VPH2Vb!,
e5e~Vb2VPL!,

Vb,0,
Vb.0,

FIG. 17. I –V curves of the emissive probe with the same wire tempera
but at different pressures~0.05–1 Torr!.

FIG. 16. I –V curves of the emissive probe for Ar plasma at four probe w
temperatures at 0.5 Torr.
Rev. Sci. Instrum., Vol. 67, No. 12, December 1996
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where n0 is the neutral density ands~e! is the ionization
cross section at electron energye. From Eq.~4!, we note that
the enhanced ion currentDI i is proportional to
1/l i5s(e)n0 . If the pressure is increased,li becomes
smaller andDI i increases as in Fig. 17. This is because io
ization occurs closer to the sheath, therefore a larger frac
of the ions fall through the sheath. The results given in F
19 show that after dividing each of the curves in Fig. 17
the appropriates/l i , all curves coalesce to a single curv
corresponding to the lowest pressure in Fig. 17. This de
onstrates the additional current is proportional tos~e! n0
assuming the bulk electron temperature keeps constant
ing emission.

On the other hand, when the probe is strongly bias
positive, the plasma electrons inside the sheath have hi
electron energy than that outside the sheath. The additi
ionization occurs inside the sheath region. This process
duces significant ionization if theli is comparable to the
sheath thickness. The electrons from the enhanced ioniza
are directly collected by the positively biased probe. Th
ionization effects are more apparent at positive bias.

The increase of the plasma density near the emis
probe, due to the ionization, is measured by a nearby La

e

FIG. 18. A schematic of the region near the emissive probe wire, at h
pressure.I em is the emitted electron current from the wire andDI i is the
fraction of ion current falling into the sheath.

FIG. 19. The emissive probeI –V curves after dividing each of the curves i
Fig. 17 by the appropriates/l i .
4135Emissive probes
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muir probe. The changes in theI –V curve of the nearby
Langmuir probes for argon and helium plasma with differe
negative bias voltages, applied to the emissive probe,
shown in Figs. 20 and 21, respectively. The data show
larger required potential difference for He compared to
because of the difference in the ionization potential.

Figure 22 compares the increase in the ion currentDI i
for argon plasma, measured by the emissive probe, to the
saturation I sat current measured by the nearby Langm
probe. Figure 23 is the same as Fig. 22 but for helium g
Thus, it is apparent that the increase in ion current at
emissive probe is a result of an increase in the local
density.

Because of the presence of ionization, emissive probe
high pressure provide several techniques to determine
plasma potential. These include fluctuating plasma poten
from inflection point method and also from the onset of io
ization.

IV. PROCEDURE FOR INTERPRETING HIGH
PRESSURE DISCHARGES DATA

When measuring the plasma potential using the infl
tion point method, one should make sure to bias the pr

FIG. 20. TheI –V curve of the Langmuir probe near the emissive probe~'1
cm! for Ar plasma at 0.5 Torr. Notice the increase inI sat due to the increase
in ionization asVb becomes more negative.

FIG. 21. TheI –V curve of the Langmuir probe near the emissive probe~'1
cm! for He plasma at 0.5 Torr. As theVb of the emissive probe become
more negative,I em increases due to increased ionization.
4136 Rev. Sci. Instrum., Vol. 67, No. 12, December 1996
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close to the region where the inflection occurs. This is
minimize the heating time and to avoid the excess curr
due to the excess ionization near the wire. The measu
currents in this method should be less than 1 mA.

The following steps are suggested to measure the pla
potential in a plasma with 0.1,p,1 Torr, using an emissive
probe:

~1! Slowly increase the dc heating voltage until the emiss
wire starts to glow white.

~2! Sweep the probe bias from2100 to1100 V in order to
make sure that all of the ionization features are includ

~3! Plot the I –V curve and look for the two bias voltage
where the current begins to deviate from the ion a
electron saturation current~see pointsB andG in Fig. 4!.
Subtract the ionization energy~ei! of the gas from the
upper voltage and addei to the lower voltage to ge
approximate value forVPL andVPH.

~4! Sweep the probe with a shorter range bias voltage,
example fromVPL 220 V to VPH 120 V. This reduces
the wire heating time and protects the circuits from me
suring unnecessarily large current due to ionization n
the probe.

~5! To get a more accurate measurement of the plasma

FIG. 22. The ion saturation current measured by the Langmuir probe,
the emissive probe~'1 cm!, as a function of the increase in the ion curre
measured by the emissive probe for Ar plasma at 0.5 Torr.

FIG. 23. The ion saturation current measured by the Langmuir probe,
the emissive probe~'1 cm!, as a function of the increase in the ion curre
measured by the emissive probe for He plasma at 0.5 Torr.
Emissive probes
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tential use the inflection point method. If the inflectio
point in theI –V curve is not apparent atVPL andVPH,
increase the dc heating voltage of the emissive wire
small increments until the inflection point appears in t
I –V curve.

~6! Take the derivative of the current with respect to the b
voltage to look for the two peaks of the fluctuatin
plasma potentialsVPL andVPH.

~7! Decrease the emissive wire temperature by steps of
V until the two peaks in step~6! are not detectable. Thi
step is to insure finding the plasma potential at the lim
of zero emission.10
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