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Probe diagnostics of high pressure microwave discharge in helium
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A method for the determination of electron temperature and plasma density in high pressure helium
plasmas is established using numerical results of the continuum probe model by [Bbtysn

Fluids 6, 1492 (1963]. Simple algebraic functions are derived to approximate the probe
characteristics of high pressure plasmas calculated by Cohen and are applied to use iterative
procedures for the determination of plasma parameters. The proposed fitting technique has allowed
one to obtain reasonable plasma parameters even for the probe characteristics strongly affected by
large secondary electron emission currents from the probe. Fitting of the ion saturation current may
possibly be used to estimate the ion temperature, provided that the electron temperature and plasma
density are known. Finally high pressure helium microwave discharges have been produced by
moderate microwave power of 400 W and investigated by the present metho200®American
Institute of Physics.[DOI: 10.1063/1.1478801

I. INTRODUCTION rents were about two times larger than those predicted by
their theory. This discrepancy has been attributed to the elec-
High pressure microwave excited nonthermal plasmasrons emitted from the probe surface due to the interaction
are of increasing interest for reactive plasma procedsing with the metastable atoms.
because the gas flow rate can be reduced, power transfer to Zakharovaet al,® Boyd® and Kagaret al'* mentioned
plasmas becomes more effective, and contamination from thae effect of electron emission from the probe induced by the
electrode and chamber wall is suppressed. Moreover, it erinteraction with the positive ions, metastable atoms, and pho-
ables one to produce a large amount of reactive species likens, which can lead to an overestimation of the ion current
ions, excited atoms, and free radicals. Therefore high presat negative probe potentials. Zakharaatzal® presented an
sure discharges have been applied to UV light sources, gagpproximate model in the pressure range up to 20 Torr. Un-
discharge lasers, and ozone production for water or aiger their investigated conditions, they found that the effect of
purification? secondary electron emission due to metastable atoms on the
For plasma source design and discharge performance oprobe current was not significant because of low metastable
timization, sufficient knowledge of plasma parameters anchitom density around 3#®cm 3. The effect of photocurrent
their spatiotemporal behaviors are required. The Langmuipn the probe current under their experimental conditions was
probe is a most commonly used diagnostic tool to determingnsignificant because the excited atom density and the photon
the plasma parameters because it can provide local plasnidean free path are reduced with increasing pressure. The
properties which are difficult to determine by other diagnos-secondary electron emission coefficient by the bombardment
tic techniques. In order to analyze the measured probe Cha@f ions with energies lower than 100 eV are small, e.g., typ|_
acteristics under certain experimental conditions, it is imporcally from 10 2 to 10 * under their experimental conditions.
tant to establish a proper theoretical model, which permitsrherefore the contribution due to this process is negligible.
one to provide reliable plasma parameters. Several theoretical continuum modé&®have been de-
Several theoretical models of collisional plasfidd  yeloped for the application to the plasmas in the pressure
have been investigated for probe diagnostics. Zakrzewskiange where the conditions of.<\p<R, are fulfilled,
et al!* considered the condition that, <3, whereR,, A\p,  where\, is the mean free path of electrons. Most of the
and D,=R,/\p are the probe radius, Debye length, andtheories mentioned above do not fulfill our experimental
Debye ratio, respectively. This theory is restricted only to aconditions except that of Set al>* and Coherf® Su et al.
feW CO||iSiOI’]S in the Sheath. SChUiZ al.lz del‘ived a mOde| Considered Such cases Where the electron dehgmﬁ Suf_
fOI’ pOSitiVe ion Saturation current by tak|ng the directed Cur'ficienﬂy h|gh and Where both ions and e|ectrons make nu-
rent at the sheath edge into account. They considered diffeferous collisions with the neutral particles before being col-
ent conditions of collisions in the sheath, from no collision tojected by the probe. Under such conditions, they found that
many collisions in the pressure range up to 8 Torr. Thejthe sheath thickness became comparabl@®jofor highly
found that at pressures up to 6 Torr, the measured ion cufegative probe potentials and then calculated the probe char-
acteristics for differenD, . Coher® used the same theoret-
dMicrostructure Research Center-fmt, University of Wuppertal, Rainer-Ical _mOdel as proposed by S al"24 assuming thak.e anc.j
Gruenter-Strasse 10, 42119 Wuppertal, Germany. the ion mean free path are shorter than the sheath thick-
YElectronic mail: n2740908@ipc.shizuoka.ac.jp ness. All data points presented in this work fulfill this condi-
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100.000 ——ry - an ion and a fast electron. Conditions for which large current
g°'25';”'?;? zone ] due to secondary electrons flows through the sheath, the di-

100003 TE TR ook E rect impact ionization of neutrals, stepwise ionization of
e 1 T =973 K ] metastable species, or even three-body recombination of ions
%, 1.0003 —— 1 and electrons can be c_on3|dered. But the contrllbutlon of
=, ] ,/'—Tmr ] these effects to the total ion flux at moderate negative poten-

>© 0100 - 1 tial of the probe is small as compared to the ion flux ex-
] " 300 Torr tracted from the bulk plasma. However, Cohen concentrated

0.010 4 e lisional zone 1 the analysis of the probe characteristics to the cas¥ of

~*-100 Torr < ¢. He solved the macroscopic particle flux equations by

0.001 . . applying Einstein’s relation together with Boltzmann’s mo-

0.01 0.10 1.00 10.00

ment equations and Poisson’s equation in order to determine
the spatial profiles o, and ¢, under the assumption that

FIG. 1. Electron and neutral particle density ranges considered in this Workt.he diffusion Coemc'emge'J' ’ mOb”Ity e+ of electrons

The lines indicate the collision-dominated sheath limit, whégeandT, are and ions, andre,+ are constant over the space and thélt
the neutral density and temperature, respectively. and X\, are smaller than the sheath thickness.

Hereafter, the nondimensional probe poteniiglis in-

troduced for simplicity
tion, as shown in Fig. 1. Cohen presented numerically calcu-
lated probe characteristics in graphical form for the selected _e(¢—Vy)
D, as a parameter. He found that the probe characteristics P~ kTe
never saturate even at largg, although they tend more _
nearly to saturate aB, becomes larger due to the influence Wheree and« are the electronic charge and Boltzmann con-
of the probe potential which extends far beyond the SpaC§tant, respectively. One-dimensional solutféref continuity

charge sheath. When the probe collects current, the protﬁ;guations and Poisson’s equation for the spherical probe at

potential decays only witlD; * at a long distance from the ¢p=0 are given by

probe. This indicates that the Debye shielding in the space | 1

charge sheath is incomplete. The expression of the results, Ne(r):No<1— —e—), (23

however, is not convenient for the determination of electron 4mNoeDe r

temperaturd  from a practical probe characteristic. For this

reason, the present work is aimed at developing a way that N+(r)=NO( 1

can provide the plasma parameters directly for Byyfrom

50 to 1600 and for any=T. /T, from O to 1 using dis- whereD, , can be obtained as a functiontf and T, from

cretized Cohen’s results, wheTe, is the ion temperature.  the data of gas discharges available in the literature by
Browr?® using the Einstein’s relation

N, [x10% m™]

@

.1
47N,eD, 1

, (2b)

II. HIGH PRESSURE PROBE THEORY

In this section the probe theory for high pressure plasma D¢ =—— e+ » ©)
will be briefly reviewed for the sake of better understanding.
When\, and\ ; are much smaller thaR,, the motion of andl, andl . are the electron and ion currents collected by
the particles can be described by the collision dominatedhe probe atp,=0 andN, is No and N, atr==, i.e.,
processes of diffusion and drift. i al. considered a spheri- Ng()=N_,(®)=N,.
cal probe in high density high pressure plasmas in the case In Eq. (2a), I, at ¢,=0 should be equal to the random
that the probe is biased with a highly negative potential withelectron currentl .. It is reasonable to assunié, =N,
respect tog. In this case the Maxwell-Boltzmann distribu- =0 at the probe surface. Therefdig; can be derived from
tion is assumed for electrons. Furthermore they considereH. (2a) as
the case ohp <R, and T, <T,. They found that for small
\p, the quasi-neutral solution breaks down near the probe
surface, forming an ion sheath in front of the probe. In order, iy,
to satisfy the condition o,=N, =0 at the probe surface, a
very thin ion diffusion layer should appear within the ion 1 1 8kTe
sheath whem is small. Cohen assumed that the plasma den- De:g)\eve,thy )\e:W! Veth™ N ®)
sity is sufficiently high and that ions and electrons make oree
many collisions with the neutral particles before being col-whereve vy, me, ando ¢ are the thermal velocity, mass, and
lected by the probe, taking into account only elastic colli-total collision cross section of electrons, respectively. The
sions, allowing one to use simplified continuity equationsrandom electron flux per unit probe surface afga can be
without source terms. But in reality many different processegvritten as
can occur within the ion sheath, which cause the generation
of ions. For example, collisions between two metastable he-
lium atoms result in two-step processes in the production of

ler=47R,eNDe 4

e

ler _ NoVe,th(4 Ae) )

eR:471'Rzpe 4 3 R_p
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It should be noted thdt.g is reduced by a factor ofM/3R, 25 —— T

as compared to the case where collisions are absent in the o D=50

sheath region. 204 © D=100 1
Numerical results calculated by Cohen give the relations & D,=200

betweenl or | . andV, in graphical form for the selected 21.5- v D,=400 .

values ofD, as a parameter. It is noted that the analytical ~® © D,=800

formulas for the probe characteristics are not available in 1.01 4 D,=1600 T

Cohen’s analysis. However, to determine the plasma param- —  Fitted

eters from the measured probe characteristics, formulas ex- 0.51 T

pressing the probe characteristics for an arbitidgyare re-

quired. In the present paper, we have developed a method 0.01 T

which provides a set of algebraic formulas obtained by fitting A
the graphically presented results by Cohen with the modified ?,

Boltzmann function. From E(6), | . is rewritten as
FIG. 2. Fitting of the normalized electron currdgt, against the normalized

ler=e g™ %pre NoA Ve ths (7) probe potentialp,, for r=1.0. Data shown by the marks have been collected
from Ref. 26.
where S=47TR§ is the surface area of the spherical probe.
The value ofl for an arbitrarye, can be presumably ex- The ion current . for an arbitraryg,, is presumed as
pressed by introducing a functidg,(¢,,D,) as follows: _
mre I+:I+RT 1|+n(¢p1TiD)\)1 (14)
IeZIeRIen((Pp’D)\)- (8)

wherel ,(¢,,7,D,) is a function which should be deter-
Generally speaking, the probe curréptconsists off ., mined based on Cohen’s analysis.

le and the current e, caused by the secondary electrons, re o\ aTioN OF ALGEBRAIC EQUATIONS

emitted from the probe. In high pressure high density plas-
mas, a large amount of secondary electfdoan be emitted A. Electron current
from the probe due to the potential emissidmger neutral-
ization of ions or Auger deexcitation of metastable atprirs
such a casd,, is modified to

As is well known, plasmas at high pressures can easily
tend to thermal equilibrium state within a very short time
after the onset of the discharge so that it is worthwhile to
lo=le= 11— lem. (9)  deduceleq(¢,,D,) under the condition of=1. However,

several methods to keep high pressure microwave or rf plas-

With decreasing pressure, the contributionlgfito I, mas in nonthermal equilibrium state have been established
decreases because of increasing wall losses of metastalice such plasmas are of great advantages to industrial uses.
atoms. At pressures lower than 100 Tdrr,is already much Thereforel (¢, .D,) is approximated forr from 0 to 1 to
higher thanl . Therefore Eq(9) reduces to analyze the probe characteristics measured in high pressure
=11, (19 Plasmas. . .
poe ¥ According to Cohen'’s calculation, the relationlgf, and
In this caseN , («) can be determined independently from ¢, does not depend onat all. At first, | .(¢,,D,) is de-
Ne(2°) using the ion branch of the probe characteristics. Foduced using the numerical probe characteristics for
this purpose, an expression fbr is needed. Again the re- 7=1 given by Cohen. It is assured to extehg, for the
sults of Cohen’s analysis can be applied. The useful expresralues ofr different from 1. The marks in Fig. 2 show the
sions to estimaté , (<) can be derived by the same proce- relation betweet,, and¢, numerically calculated by Cohen
dure as that for electrons, under the condition of=1 for selected, . In the present
work an algebraic equatioh,(¢,,D,) best fitted to Co-
hen’s results is deduced by modifying the Boltzmann func-
I q N.v (4 A ) tion. After somewhat tedious considerations concerned with

_ "No¥+,th - _+

| . r=47NyeD Rp=5TRENN v 1, (12)

(12)  the dependence df;, on ¢, len(¢p,D)) is empirically

+R™ 2.
4nRpe 4 |3 Ry presumed as
with A p“Pp_A2(D)\)]
1 AP

1 1 \/ﬁ As(Dy)
= — = = I 'D = ' 15
D+ 3 )\+ Vi thy 7\+ Noo'c,+ ) Vith mm, ' en(‘Pp }\) 1+EXL{ ‘Pp_AZ(D)\)] ( )

(13 As(Dy)

wherel , g andI" i are the ion random current to the probe Figure 2 shows that the solid curves calculated by(E§). fit
and the ion random flux per unit probe surface arearand  well with Cohen’s data for each, by adjusting the values
o¢+, and v, 4 are the mass, collision cross section, andof A;, A,, andA; for 7=1. Table | summarizes the depen-
thermal velocity of ions, respectively. Agaln, i is reduced dence ofA;, A,, andA; on D, . However, at the present
by a factor of 4 , /3R, as compared to the case of no colli- situation, the values oA, A,, andA; can be applied only
sion in the sheath region. for six values ofD, used for fitting. In the practical usé,;,

Downloaded 03 Jun 2002 to 133.70.151.172. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



9532 J. Appl. Phys., Vol. 91, No. 12, 15 June 2002 Talukder, Korzec, and Kando

TABLE I. Dependence oA;, A,, andA; on D, for 7=1. T T T T T T T T T T
0.0 ol
D, A A, As 1
50 231116 0.6857 2.22886 057 o D=50 1
100 2.229 47 0.583 65 2.39133 ] © D=100 |
200 2.16597 0.476 41 2533 89 -1.07 A D=200 |
400 2.1281 0.387 42 2.654 62 s ] DA 400 I
800 2.098 16 0.31372 2.81158 =154 vV.oUs .
1600 2.084 58 0.251 89 2.958 14 . ¢ D=800 1
-2.07 + D=16007
o5 — Fitted
A,, andA; should be given as a function bf, . HenceA,, -15 -10 -5 0 5 10
A,, andA; can be approximated by the rational function of ?,
D, , respectively, as
5 FIG. 4. Fitting of the normalized ion curreht , against the normalized
_ 2.551+4.165<10 D, probe potentialp,, . Data shown by the marks have been collected from Ref.
Al(D)\)_ 1+2.011X 1072DA ’ (16@ 26 for r=1.0.
D 0.835+1.29x10 °D, 166
2(Dy)= 1+6.36<10 °D, ' (160
|+n((Pp!TvD)\)
and
B,(D,)—By(D
2.104+1.107X 10 2D, =771 By(D,)C(7) + {B1(Dy) ~B2(DV)} | (17)
As(DN="971350x10 D, (169 1+ exyf L2230
' A 2.8368

For reference, the fitted curves @& (D,), A,(D,), and L ,
As(D,) are shown in Fig. 3. Using Eq15) along with Eq. The symbols in Fig. 4 show Cohen’s result for 1 and the

S lid curves best fitted to the symbols. The parameters
16), one can easily fit ,D,) to any D, from 50 to SO y . . P
(1630 Y fiten(@p,Dy) YN B.(D,), By(D,), andBy(D,) are obtained in such a way

thatl . ,— ¢, curves are best fitted to Cohen’s numerical re-
sults and are summarized in Table Il for differdéhnt. Now
B,(D,), B,(D,), andB3(D,) can be approximated by the

B. lon current following rational functions, respectively, as
Contrary tolg,, 1., given by Cohen strongly depends —2.7092-27.08< 10 3D,
on 7 so that the fitting equations are deduced with respectto B,(D,)= 171355¢10°°D , (183
7from 0.001 to 1.0 for the convenience of probe data analy- ‘ A
sis. The dependence of (¢,,7,D)) on ¢,, 7, and D, 0.1255+ 3.00x 10" “D,,
given by Cohen’s numerical results suggests the following  B2(D\)=——-555—=535 " (18b)
fitting function based on the modified Boltzmann function. In ' »
this case) . (¢, ,7,D,) is made applicable not only to any and
D, from 50 to 1600 but to any from 0.001 to 1.0. In the —4.9649-1.39x 10 3D,

way similar tol¢(¢p,,D)), | +n(®p,7,D)) can be presumed B3(Dy)=
empirically as

1+10.124x 10 °D, (189
Figure 5 shows the curves f&r(D,), B»(D,), andB3(D,)
for reference. Figure 6 shows Cohen'’s result® at 800 for
— different 7 by the symbols, together with the solid curves

3.0 . obtained using Eq.17) in which C(7) is adjusted to get best
I fitting. Table Ill summarizes the dependenceCifr) on 7.
2'5'_ i However, at the present situation, Ef7) is applicable only
©2.0- = = R
< ]
Nq54 o A, i
qi i o A TABLE II. Dependence 0o8,, B,, andB; on D, for 7=1.
e 2
< 1.04 J
4 A A3 D)\ Bl BZ B3
0.51 QS\S\Q\L ] 50 ~2.424 89 0.112 66 ~0.83048
0.0 1 —° 100 —2.294 96 0.099 27 —0.456 98
. S S AL S . LA AL 200 —2.19045 0.0775 —0.256 64
0 200 400 600 800 10001200 140016001800 400 511361 0.058 89 01222
D, 800 —2.067 54 0.038 79 —0.064 28
1600 —2.201 06 0.01257 —0.056 58

FIG. 3. Fitting ofA;, A,, andA; to D, for 7=1.0.
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TABLE Ill. Dependence ofC on =T, /T,.

0.0 M Fa M: ]
=T, /T, C
0.5 o B T 1 0.87224
o o B 05 13.489 02
@ -1.0- A B 1 0.2 22.359 68
Q" 3 0.1 25.33345
v 1.5 i 0.05 26.97074
0.02 28.440 93
204 g 0.01 28.587 27
' EF/E/—E——P—EH 0.001 28.729 48
'2.5 M 1 T T M 1 T T M Ll M 1 T T M 1 T
0 200 400 600 800 1000 1200 1400 1600 1800
D, current due ion impact can also be neglected because the

emission current is two orders of magnitude higher than the
thermal ion current.

The secondary electron emission current from the probe
lm Was proposed by Kagaet all* under the influence of
metastable atom fluxes to the probe given by

FIG. 5. Fitting ofB,, B,, andB; to D, for 7=1.0.

for eight values ofr. But for practical use, Eq17) should
also be given as a function ef HenceC(r) can be approxi-
mated by the following linear function as eNmoSym KT

C(7)=28.47-28.164. (189 em=€SYml'm 7

For example, the line best fitted & 7) is shown in Fig. 7. WhereNpo, Ty, andmy, are the density, temperature, and
Now, using Eq.(17) along with Eq.(18), one can fit Mass of metastable helium atoms, respectivély; is the
| n(¢p,7.D)) for any D, from 50 to 1600 and for any metastable flux to the probe ang, is the secondary electron
from 0.001 to 1. It is noted that the curves shown in Fig. 5 dgemission coefficient, which is of the order of 10to 1072,
not fit well in the higher positive potential region. However, With T=973 K, andN,o=7.6x10°* m~3, the estimated
this region is not important under the present experimentainetastable flux is 4:810** m~?s™*, which results in a cur-
conditions. Now, utilizing Eq(14) together with Eq.(17) rent of 2 A emitted from the probe with a surface area of 3
under the assumed conditions, one can analyze the propel0 ° m” This value is two orders of magnitude higher
Characteristics Obtained in hlgh pressure p|asmas' than the aCtUal iOI’l currents in the prObe Chal’aCteriStiCS, be'
cause Eq(19) holds only for ion sheath thicknesses smaller
than the mean free path of metastable particles. Taking a
C. Secondary electron emission from the probe sheath thickness of 16 m, the limit of helium gas pressure

surface for the applicability of Eq.(19) is about 12 Torr. So that at

Generally, a probe can emit secondary electrons due tB'Uch higher pressures, a continuum model for a thin and a
electron or ion impact, and photoemission or emission due t§1ick sheath should be considered.
dgexqtaﬂon of metastable .atoms. When the probe is b|ase£i_ Thin sheath approximation
with highly negative potentials, emission by electron impact ] _ ) )
should be negligible. At high pressures when the probe di- At lower probe potential, the ion sheath is very thin and

ameter is relatively largd, the secondary electron emission ¢l0S€ to the probe surface and hence the sheath edge can be
considered as the probe surface. Consequently, the meta-

stable concentration at the probe surface is zero. Under the

S (19

0-5 T T T T T T T T T T T
35 1 1 T T T T
0.0 1
301 b
-0.5 4 25 ]
g
bl - -
-1.04 20
154 E
&)
-1.54 10- ]
-2.0 5] ]
04 i
'5 T 1 T 1 ¥ T v T v T v T v
02 00 02 04 06 08 10 1.2
FIG. 6. Fitting of the normalized ion curremt,,, against the normalized T= T/Te
probe potential, . Data shown by the marks have been collected from Ref.
26 for 7 from 0.001 to 1.0 andD, =800. FIG. 7. Fitting of C againstr.
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above conditions, the secondary electron emission cdfrent

due to metastable atoms flux to the probe can be written as Vacuum

gauge

lem= = €¥YmSNno VD mNoCr, (20) |

whereD,, and C,, are the metastable diffusion coefficient
and cumulative ionization rate coefficient, respectively. The
thin sheath approximation can be used where the normalized

Magnetron |Directional| Power |Discharge MovableH

oscillator | coupler | monitor | chamber plunger;

probe potential is slightly negative or positive and gives the | \|/
emission current which is independent of probe potential. HV Power Gas Rotary
supply inlet pump

2. Thick sheath approximation

A thick sheath can be approximated by assuming that FIG. 8. Block diagram of the experimental setup.
there are no free electrons and no production or destruction
of metastables due to electron impact or stepwise ionization
in the sheath region. Under these conditions, the metastabtBermal equilibrium plasmas, the cross-sectional view of the
induced secondary electron emission curfecan be written ~ discharge chamber, and the probe setup, respectively. The

as detailed description of the setup was published elsewhere.
The discharge chamber is made of a rectangular waveguide
__ Nimo 54 mm high, 108 mm wide, and 130 mm long. Open ends of
lem= —€YmS Dy , (21 , .
sh the waveguide are closed by Pyrex glass plates in order to

wheredg, is the ion sheath thickneség, can be obtained by form the discharge chamber. Two cylindrical tungsten pipes

solving the one-dimensional Poisson’s equation under the a9 4 @nd 6 mm in inner and outer diameters, respectively, are
sumption of negligible electron density within the sheath andnSerted perpendicularly through the H planes of the wave-

zero electric field at the sheath edge and can be written as3Uide: as shown in Fig. 9. In order to study the radial profiles
of Ng andT, of the plasma, the probe is set up on the axis or

Ser=3( %7\e>\ZD<P;23)1/3- (22)  at the edge of the plasma column as shown in Fig. 10. The

The thick i heath imation i licable wh spacing between the stub tips is maintained at 10 mm. In
€ thick-ion sheath approximation 1S applicable Wnen, ;o 15 make a Langmuir probe, a tungsten wire of 0.8 mm

I(I) tr,:ﬁ |c:cnt§;heatr: tfllclgrezs IIS lgrger tha-ndt.hgtﬁharacttensn% diameter embedded in insulation with an alumina tube is
ength ot the metastable depletion zone, anfiine meta- .oy through one of the stubs as shown in Fig. 10. The

stable density at the ion sheath edge can be regarded as eq be tip 1 mm long is placed at the center of the stub and

to the density in the bulk plasmBlmo. This requirement along its axis. A 2.45 GHz pulsed microwave with a repeti-

gnea?s t;c]hat thte (ilebplletlllon ?; metrz]istthable; a;[hthe Shel?th he'dE n frequency of 120 Hz is used for the plasma production.
ue to the metastable flux through the sheath is small, whic, ..\ s Used as working gas.

s fUIfiII?d for high electran density and cpnsequently high Figure 11 shows the probe characteristics measured at
prr]oducttﬁ nt tLate O.f r_netastablets(.j The dth'Ck Shs ath tmot(.jeéelium pressures of 100, 300, and 700 Torr, respectively. It is
shows that the emission current depends on prob€ potentiag, iy p Mmeasured at 700 Torr has a dip\gf from 0O to

3. Probe current with secondary electron emission

Considering our experimental conditiofs=700 Torr
’ Probe —>
T, =973 K, D, =4.19x10"* m’s 1, Cn=1.14 o> 1
X107 ¥ m®s!, Nyo=7.6x10""m2, y,=10"%, and in- |— —|
troducing the above values in Eq41) and(20), it is found Rectangular
thatl , g=97.9uA andl.,=34.7 mA. So it is reasonable to waveguide [ 3 Resistor
consider that at high pressurés,, is much larger thar., . 8 | 100Q
Therefore disregardinly, with respect td .,,, EQ.(9) can be ] 3
written as 1 "
4 mm ] .
/ ] Bias

Ih=lerlen(®p:Dy)—lem- (23 é 6 mm : Kj ﬁ _lapower

Now one can easily apply Eq23) together with Egs. é 0.8 mm ?( . ﬁ supply
(15) and (20) to analyze the probe characteristics measured 9 g ‘~\ﬁ
in high pressure plasmas with high metastable density. 9 R é\\Pr b

. | i 0| e
Sy 3 1 ! lp
IV. MEASUREMENT OF THE PROBE .{m: i
CHARACTERISTICS IN HIGH PRESSURE stubs’___H JH H
MICROWAVE PLASMA ‘s ';
) ] ——

The probe characteristics are measured in high pressure =
microwave plasma. Figures 8—10 show the schematic dia-
gram of the experimental setup developed to produce non- FIG. 9. Cross-sectional view of the discharge chamber.
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10 mm

Probe on the axis

%— Probe at the edge

— Alumina tube

Probe tip (1
mm long and ¢
0.8 mm)

<— Plasma

Stub axis

¢ 4mm

J&— Stub

FIG. 10. The probe setup.

—40 V. The dip is caused bly,,, which is considered to be
induced by the metastable helium atoms. The emissive probe
theory*® shows that at some conditions, a dip in the probe
characteristics due to space charge effect can occur, looking
similar to the curves as shown in Fig. 11. But the estimations
for our experimental conditions show that this effect would
occur for currents, which are orders of magnitude higher than
the measured ones. On the other hand, for 100 and 300 Torr,
the probe characteristics do not exhibit the remarkable sec-
ondary electron emission from the probe. The experimental
probe characteristics suggest that the production rate of
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Step: 1 Step: 8
Define points for N, T,.1,.,
fitting “and g,
j=0, i=0,0,=1 Stop iteration
Step: 2 Step: 6
Initialize: Ne,o’ Te,o If 6i+1 _6i >0.01
1, ,and @, i
i=i+1, goto step :7
else  go to step : 8
Step: 7
Determination of
Ne,i+1 , Te,i+1
¢ +1 and Iem,i+1
Step: 3 Step: 5
0, =f,;) fromref.29 2
(I~ Ted
Dy i =fNg;s 1) 2 I
B i 5. =112 M.j
D,j=fT, :0.7) EqO) il = p
LR =1 (D, sNejl, ;) Eq(7) Eq.(25)
Step: 4
e(d; _Vp j )
Q= Eq(26)
Ici j=1eriden@c i, De i)
~Lpmi EqQ7)

metastable helium atoms grows strongly with helium gas

pressure. Thus,,, becomes predominant at 700 Torr.

V. ANALYSIS OF THE PROBE DATA

To obtain the plasma parameters, probe characteristid§ted using an iterative procedure shown by a flow chart in
measured in high pressure microwave discharges have be&if. 12. The best fitted curve can providig, Ne, lem, and

350 T T T T T T T T T

300 He -

250 o 700 Torr M 1
1 v 300 Torr g

2001

=]

100 Torr
— Fitted

FIG. 11. Current—voltage probe characteristic at 0.80 ms after the starting of

A

the microwave power pulse. A tungsten probe is used.

FIG. 12. Flow chart for the determination of plasma parameters.

¢. At first, the probe characteristic obtained at 700 Torr of
helium shown in Fig. 11 is introduced for the estimation of
plasma parameters. We have selected a portion for fitting
from the whole probe characteristic in the following way.
The point that the probe characteristic just starts bending
gives the upper limit of the curve, as shown by paintn

Fig. 11. The lower limit of the curve is chosen as the mini-
mum probe current in the probe characteristic, as shown by
point B in Fig. 11. In the estimation this minimum current is
treated ad,,,. Because of the increase g, at a pressure
higher than 100 Torr, the ion part of the probe characteristic
should not be adopted, otherwise it could provide overesti-
mation of N, . The proposed fitting technique takies, into
account and allows one to obtain reasonable plasma param-
eters even for strongly shifted probe characteristics due to
secondary emission measured in atmospheric plasma.

The probe current, has been fitted using E3). The
final value ofN, is calculated using the following equation:
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I + I i T T T T T T T T -_
N.—_eRn" lemn (24) 1.407 —o— Axis He, 700 Torr
¢ 47R.eD,,’

TRpEVen 1.207 —e— Edge .
wherelerp, lemn, andDg , are the electron saturation cur- oA 100 [ —— Microwave power [a.u.] 1
rent, the secondary electron emission current, and the diffu- £ 0.80. 000 ]
sion coefficient obtained in thath iteration, respectively. ‘o 1 ./°’° 0’.\0\._.

The relative errors,, used for the evaluation of fitting, is T 0607 o/ I »f.\.\. ]
formulated for the probe current and is given by 20401 0/0:65616-0-0-0\ “‘\f\‘\o\._.\. i
R — 0.20{ 500 ©-0-0-0-0-0-00~0-0 1
M, j C,i,j ] - Ny
=z (—| _ ) 0.00{ - .
i=0 M.j T T T T T T T T T
0417 K : (25) 0.0 05 1.0 15 2.0

Time [msec]
where i=1,2,3,..n is the number of iterations,j
=123 ..k is the number of measured pOimﬁn' is the FIG. 13. Temporal development of electron density in a helium discharge at
T . . 700 Torr after the starting of the microwave power pulse.
measured probe current at tjté point, and ¢ ;; is the probe
current for thejth measured point calculated in thé itera-

';ion,hresapectivgly. j’he ifterlation procedure shpv;n in T)Igd 1b2were obtained from the electron current fitting. The value of
or the determination of plasma parameters is describe 8. can be calculated neglectirlg,,, consideringN =N,

low. . : .
=N, and using the following equation:
Step 1: One has to define the following parametéas. © g 9ed

The number of data poinisto be considered will specify a _AmRpNieN v, T,
portion from the whole probe characteristic for fittindp) o 3lirn '
The number of iterations can be initialized by 0(c) The
estimated errop, can be initialized as 1.

Step 2: The values dfl, Te, lem, @and¢ can be initial-
ized by assumption. If these initialized values are very closé&/I. RESULT AND DISCUSSION
to the calculated ones, even a few iterations can provide the
best fitting. Otherwise, the number of iterations will be in-
creased to get the best fitting.

Step 3: The value o, can be found from Ref. 29. The
values ofD, and|.g can be determined using Eq$) and
(7), respectively.

Step 4: The values af, andl,, in the iteration process
can be calculated by using Eq4d) and (23), respectively.
These two equations can be written as

(28)

wherel ;g is the final value of , g obtained by fitting.

In order to investigate the transient behavior of atmo-
spheric microwave discharge plasmas, microwave power
pulses of 400 W with a repetition frequency of 120 Hz have
been applied to the discharge chamber. The probe character-
istic data have been recorded by a digital oscilloscope. The
step between the consecutive probe voltages has been main-
tained at 1 V. In order to reduce noise of the probe current,
the probe current has been recorded after averaging over 300
microwave pulses.

e(¢i—Vyj) Figure 13 shows the temporal development\af both
Pcij= Tk Te (260 on the axis and at the edge of the plasma column for 700 Torr
’ together with the microwave pulse. When the probe is placed
and at the edge of the plasma coluni, increases with time and

@7 reaches a maximum of 8.4010°° m~2 at 0.90 ms. This in-
crease i\, is due to the microwave heating. After 0.90 ms
wheregc j; is the normalized probe potential at tith mea- N, starts to decrease together with the microwave pulse and
sured point in theth iteration,V,, ; is the probe potential at monotonically decreases up to 2.20 ms. This temporal devel-
the jth point, ¢;, T, leris Dei, andley are the space opment ofNg is similar in appearance to that of spectro-
potential, the electron temperature, the random electron cuscopic measurements by Vikhareat 750 Torr for a helium
rent, the electron diffusion coefficient, and the secondanplasma. On the other hand, when the probe is positioned on
electron emission current in théh iteration, respectively. the axis of the plasma columN, increases more slowly and

Icij=lerilen(®c,ijiDei)—lemj,

Step 5: Relative errof; is estimated using Edq25). reaches a maximum of 3.65.0°° m~ 2 at 1.00 ms. This in-

Step 6: Compares; and &1. If [(841—8)/6] crease i\, is considered responsible for microwave heating
>0.01, the next iteration will be started by taking the newand diffusion from the edge of the plasma column. Thign
values ofNg, T, lem, and . starts to decrease after 1.20 ms. The following reasons may

Step 7: If [(8i.1— 6;)/6|=<0.01, the iteration will be be responsible for the difference &f, measured at two
finished and the best fitted curve will provide the plasmapoints: at the beginning of the discharge, the microwave can
parameterdle, Te, lem, and¢. An example of the best fitted easily penetrate into the plasma column becalises lower
curve for 700 Torr is shown by the solid curve in Fig. 11. than the critical densiti, of 7.4x 10 m™3. Just after the

The ion current , has been fitted for 100 Torr using Eq. onset of the discharg®y, exceedsN., which consequently
(14) by an analogous procedure as that of the electron curreméduces the microwave power inside the plasma column. Af-
fitting. In this case, the values df, and ¢ are used which ter 1.20 ms, the microwave is confined near the surface of
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: ' ' ' ' ' ' ' tion of microwave power into the plasma. Therefore it is
64 . He, 700 Torr | reasonable to consider that the plasma can be produced or
o ""\O\ . heated by the reduced microwave power even near the
/ et _°‘Oxg ] plasma axis, though, and T, at the edge are higher than
a4 @ o §a§. _ those near the axis because of the higher microwave power
% / /O,o//,r" ‘83;1{0'2:2;9 dissipation.
l':q', 8,0 e Axis “{\ ] The pressure dependentg and N, at the edge and on
2 A the axis of the plasma column are compared in Table V. It
g —e— Edge can be seen that, at 300 Torr is lower than that at 100 Torr
--------- Microwave power [a.u.] because the number of collisions of electrons with neutral
0 : . : . : . : . particles increases with increasing pressure and hence the
0.0 0.5 1.0 1.5 2.0 electrons lose their energy. Biit, at 700 Torr is compara-
Time [msec] tively higher because of the presence of high energy elec-

trons in the vicinity of the probe, as explained below. On the
FIG. 14. Temporal development of electron temperature in a helium dis'other handN. increases with increasing pressure. In most
charge at 700 Torr after the starting of the microwave power pulse. .o, € . . )
9 9 P P cases it is found thall, is higher at the edge than that on the
axis.

the p|asma column. However, the microwave power pen- It has been mentioned earlier that the emission of sec-
etrating into the plasma reduced by skin effect is still intensendary electrons is caused by potential emission-like Auger
enough to produce the plasma. In addition, the ambipolafeutralization and deexcitation due to ions and excited atoms
diffusion of the plasma near the plasma column surfac®n the probe surface. The energy of the secondary electrons
raises the plasma density on the axis of the plasma columsue to Auger neutralization of ions at the metal surface can
As a resultN, reduces and remains relatively constant at thebe evaluated® The maximum energy of the secondary elec-
center of the plasma column. tronsE; maxis given byE; a=E—2W, whereE; is the ion-
Temporal development 6f, measured at the edge and ization energy of the atoms aWdis the work function of the
on the axis of the plasma column is shown in Fig. 14. Whermetal. For the combination of helium and tungste max
the probe is placed at the eddg, increases sharply with =15.58 eV, whereE;=24.58 eV andW=4.5eV are used.
time from the beginning of the discharge up to 6.07 eV atThe maximum energy of the emitted electrons due to the
0.50 ms due to microwave heating. After 0.70 ris,starts ~ Auger deexcitation by the excited atoms at the tungsten sur-
to decrease up to 1.90 ms and then seems to be constant. @¢e Egy max COrresponds to 15.31 eV, sind€qy max=Eex
the other handT ., on the axis of the plasma column is lower —W, whereE.,=19.81 eV is the excitation energy of he-
than that at the edge at the beginning of the discharge, idium. Therefore the secondary electrons have higher energy
creases linearly with increasing time, and reaches the maxthan most electrons in the bulk plasma, which leads to higher
mum of 5.15 eV at 0.90 ms. After 0.90 ms, it starts to de-Te as shown in Table IV. This anomaly can also be explained
crease continuously up to 1.60 ms and thBnbecomes in terms of the influence of the metastable atoms on the
almost constant. electron energy distributiord The role of wall losses on the
Profiles of N, and T, measured here may be caused bybalance of metastables decreases with increasing pressure
the following effects. The plasma with densities higher thanand consequently higher metastable density can be expected.
N, is mainly produced inside a thin layer near the plasmaOne of the main loss mechanisms is the collision between
column surface. Therefore the plasma on the axis of théwo metastables, leading in consequence to ionization of one,
plasma column should be kept intact by plasma particlesleexcitation of the other metastable, and releasing of the
diffusion from the plasma production layer and the ionizationhigh energy electron. Because the density of metastable at-
due to the microwave power penetrating through the skiroms is orders of magnitude higher than the electron density,
effect enlarged layer due to high electron—neutral collisionsthis mechanism can have a strong impact on the electron
The high energy electrons on the surface of the plasma coknergy distribution, contributing to its high-energy tail. By
umn can diffuse toward the center of the discharge softhat assuming a Maxwell—-Boltzmann electron energy distribution
increases. The skin depth estimated under the present condimction, such a tail is leading to higher measured electron
tion is around 5.6 mm which results in an effective penetratemperatures.

TABLE IV. Electron density and temperature measured on the axis and at the edge of the plasma column at 2.00
ms after the onset of the discharge as a function of the helium pressure.

Electron temperatur@,

Pressure (eV) Electron densityN, (m™3)
(Torr)

P Axis Edge Axis Edge
100 2.65 3.15 1.2910% 8.61x 10'8
300 1.92 2.77 2.7810% 3.48x10%°
700 3.59 3.06 1.8810%° 3.71x 107°
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2801 ' H ‘ ] frorr_]_ h_elium _ ions effective_ly._ Consequently,_ nonthermal
] —e— Edge equilibrium will take place within a very short time.
2407 —o— Axis ] VIl. SUMMARY
$ 2007 o, ] A method for the determination df, andN, is proposed
O,E 1604 o ‘O\O\O\o-oo 4 using numerical results of the continuum model by Cohen.
© 1 / ‘0’0-0»0-0.0,0,0\0_ Simple algebraic functions provide the basis for using itera-
x 12014 000000000 000,,, ] tive procedures for the determination of plasma parameters
= 0.80 ./o’ ha X avoiding making the fitting parameters discrete. The pro-
1 posed fitting technique takes the secondary electron current
0'401 ] due to metastable excited atoms induced emission into ac-
00 05 10 15 20 count'and allows one to obtain reas'onlable plasma parameters
Time [msec] even if the secondary electron emission current strongly af-

fects the probe characteristics. Fitting of the ion saturation
FIG. 15. Temporal development of electron density in a helium discharge acurrent is used to estimate, , provided thafl, andN, are
100 Torr after the starting of the microwave power pulse. known. The present method was applied to high pressure
high density microwave discharges using a moderate micro-
wave power of 400 W.
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