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Trace rare gases optical emission spectroscopy: Nonintrusive method for measuring electron
temperatures in low-pressure, low-temperature plasmas
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Trace rare gases optical emission spectros¢@®RG-OES is a new, nonintrusive method for determining
electron temperature§ ) and, under some conditions, estimating electron densitigsi low-temperature,
low-pressure plasmas. The method is based on a comparison of atomic emission intensities from trace amounts
of rare gasesan equimixture of He, Ne, Ar, Kr, and Xadded to the plasma, with intensities calculated from
a model. For Maxwellian electron energy distribution functidBEDF9, T, is determined from the best fit of
theory to the experimental measurements. For non-Maxwellian EEQFdgrived from the best fit describes
the high-energy tail of the EEDF. This method was reported previously, and was further developed and
successfully applied to several laboratory and commercial plasma reactors. It has also been used in investiga-
tions of correlations between highs and plasma-induced damage to thin gate oxide layers. In this paper, we
provide a refined mechanism for the method and include a detailed description of the generation of emission
from the Paschen 2 manifold of rare gases both from the ground state and through metastable states, a
theoretical model to calculate the number density of metastah|gsdf the rare gases, a practical procedure
to computeT, from the ratios of experimental-to-theoretical intensity ratios, a way to determine the electron
density (), a discussion of the range of sensitivity of TRG-OES to the EEDF, and an estimate of the
accuracy ofT,. The values off ¢ obtained by TRG-OES in a transformer-coupled plasma reactor are compared
with those obtained with a Langmuir probe for a wide range of pressures and powers. The differéRgces in
from the two methods are explained in terms of the EEDF dependence on préS30&3-651X99)14111-4

PACS numbsd(s): 52.70—m, 52.80-s

[. INTRODUCTION experimental setup required for Thompson scattering mea-
surements is also not practical for most processing applica-
The electron temperaturel §) is arguably the most im- tions.
portant parameter for low-pressure, high-density plasmas Among the many optical diagnostic techniques for plas-
used in microelectronics manufacturing. It governs the ratemas, the spectroscopy of emission induced by the plasma is
of ionization, dissociation, and excitation processes in théhe most widespread method, due to its nonintrusiveness and
plasmas. It also determines potentials, and therefore fluxesase of implementation. In processing plasmas, there have
and energies of charged particles. Much effort has been spebheen several attempts to use optical emission spectroscopy
to create plasmas with lowdr, to minimize etching profile (OES to measureT, or the electron energy distribution
anomalies such as “notching”(horizontal attack of function (EEDF) [11-15. The general approach is to com-
polycrystalline-Si(poly-Si) at the interface with the underly- pare relative emission intensities that are excited by electrons
ing SiG, layen and to reduce plasma-induced device damagérom different parts of the EEDF. These intensities are sig-
due to charge buildupl—4]. With typical electron tempera- natures of the population of emitting levels by electron im-
tures between 1 and 3 eV, a changd&jnas small as 0.2 eV pact excitations, and their rates are the convolutions of the
can result in significant changes in plasma-induced potentialEEDF and the corresponding cross sections. Typically, two
across the wafer and can make the difference between daramission lines are observed, and the EEDF is assumed to be
aging and damage-free procesggs Therefore, the precise a Maxwellian, such that the electron energy probability func-
measurement and monitoring ®f is a continuing concern tion (EEPH is a straight line on a logarithmic scale vs elec-
in plasma studies as well as in plasma-aided manufacturington energy.T, is obtained from the inverse slope of this
The traditional tool for measuring, is the Langmuir plot. T, in the model is varied until the ratio of the two

probe[6]. Despite an apparent ease of implementation, howeomputed intensities becomes equal to the ratio of the ob-
ever, the Langmuir probe technique requires a return circuitserved intensities. In cases when both emission lines are
and has to deal with low- and high-frequency plasma potenfrom neutral states with similar energies and are therefore
tial fluctuations, magnetic fields, and insulating laylgts9). excited by electrons from similar parts of the EEDF, the
It cannot easily be used in depositing environments and, beerror in T, measured by this method can be large because of
ing intrusive, is often a concern for reactor contaminationthe uncertainties in the cross sections. A comparison of
Thomson scattering, a technique that is routinely used imtomic and ionic emission intensities can eliminate this prob-
plasma fusion research to measdrg, has recently been lem if ionic emission is excited in a single, high-energy elec-
applied to processing plasm#0]. These measurements were tron collision with the neutral, but this assumes a Maxwell-
extremely difficult, however, because of the relatively lowian distribution over avery large range of the EEDF. If
electron densities and, hence, very low signals. The compleixstead ionic emission is excited by electron impact excita-
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Power g (or mg + amplifier) and matching network (37 cm inner diametera He-cooled chuck equipped to hold
@ ;Ir f 5-in.-diam wafers, and a 6-in.-i.d. flat-coil TCP-type antenna

positioned just above the quartz window. The coil was pow-
— ered through an impedance matching netwoykab3 kW,
fixed frequency(13.56 MH2, radio frequencyrf) generator
(Plasma-Therm The TCP power was varied between 100
and 1000 W. The chuck could be rf biased, but in these
experiments was electrically floating at a close to zero
(within 1 V) potential. The distance between the chuck and
Langmuir probe quartz window is adjustable through the vertical motion of
the chuck and for these experiments was 15 cm. A mixture
of rare gase§l% of each He, Ne, Ar, Kr, and Xevas added
to the C}, plasma.T, was measured by TRG-OES, as well as
with a Langmuir probe.

A spectroscopic system consisting of a 0.64 m focal
length monochromatoflSA model HR640 and GaAs pho-
tomultiplier tube(Hamamatsu model R943-p%vas used to

RF Bias monitor optical emission from the plasma and measure emis-
sion intensities of rare gases lines. The spectral resolution

FIG. 1. Schematic representation of the laboratory transformerg,a5 ~0.7 A (with the slits of monochromator set to 100
coupled plasmaTCP) reactor, radio frequency power matching um). Line-integrated emission from-al-cm-diam cylinder,
network, and Langmuir_pro_be and geometry fo_r optica[ emission~2 cm above the wafer, was imaged onto the spectrometer
spectroscopy. The drawing is to scale; the coil diameter is 15.2 ¢y 0 ce glit with fused silica lenses. The relative response of
. . S . the monochromator detector was determined using a tung-
gzrr]\s(i)t; tir;eréglr]is;ééhen a determination of the absolute ioN ten filgment sta_nda_rd lamp. |

Recently, we reborted a nonintrusive method to measur A S|.n.gle, cylindrical, rf-compensated Langmuir prgbe

’ ) -~ cientific Systems, Ltd. Smart Prob&as used to obtain
electron temperature—trace rare gases optical emission spe

) ) Current-voltage characteristids-V curves of the plasma.
troscopy (TRG-OES [16] that is more precise and robust The probe was equipped with a reference electrode to moni-

than the two-ine OES techniques. In this method a small, 4" correct for shifts and low-frequency oscillations in

amount(~5% of total feed gasof five rare gasesHe, Ne, . .
. . the plasma potentiall . was determined from the exponen-
Ar, Kr, and X@ is added to the plasma, and from the relative . . )
tial part of the electron retardation region of th&/ curves,

intensities of about 20 atomic line3,, is determined by . .
) . ; - as described previously9,20]. Because the chamber walls
comparing the experimental and calculated intensities. The . :
. o . . Were stainless steel, they provided an excellent grounded sur-
population of the emitting states is modeled by electron im-

o face for stabilizing the plasma potential by supplying elec-
pact excitation from both the ground state and through metafrons to the plasr%la duFr)ing pos?tive voltage sfvggpsg on the

stable levels that are shown to be very important. Thes ingle Langmuir probe. This also allowed the probe to be

atomic lines have thresholds of excitation from the ground_.~. o ;
state between 9 and 15 eV and effective excitation energieesfflCIentIy cleaned by periodically drawing large electron

between 8 and 18 eV, ensuring high precision and sensitivitcurrents to heat the probe tip. Consequertlyand electron

of the method(The effective excitation energy can be Iower¥lens"[IeS determined from the Langmuir prabe in this .StUdy_
than the threshold energy due to two-step excitation profire more accurate anq rgproduplble than those obtained in
cesses through the metastable leyelfhe small amount of commercial systems with insulating wal$8].

the added inert gas mixture does not perturb the plasma.

Unlike the Langmuir probe method, it is essentially nonin- lIl. DETERMINING T, FROM TRG-OES
trusive, portable, and applicable to afg.g., corrosive or
depositing plasma environment.

We have presented electron temperatures obtained by this The emission spectrum fioa 1 mTorr C} plasma at 700
technique in many different plasmgg17—19. In this study, W input power is shown in Fig. 2. The emission from the
we describe in detail the TRG-OES method, improve on thdlasma is dominated by atomic chlorine lines, many of
model for determining the density of metastable particleswhich are off scale. Under these conditions, the strongest of
account for gas transport effects on the relative number der@ll rare gas emissions is the Xe 8819 A line, with the peak
sities of the rare gases, and discuss the accuracy, precisiditensity of~1.1. Other sample lines for Ar, Kr, and Xe are
and possible limitations of TRG-OES. We also compare predenoted in Fig. 2. Figure(d) is an expansion of the region
viously unpublished TRG-OES and Langmuir probe meahear 7640 A, showing a portion of the same spectrum con-
surements off, in a Cl, transformer-coupled plasm@CP)  taining emission lines from Ar and Xe. Figuréb3 shows
system. this same region at 20 mTorr. As the pressure increases, the

intensity of the Ar line decreases relative to that of the Xe
Il. EXPERIMENTAL PROCEDURE line. Since the emission from Ar is excited by higher-energy
electrons, the decrease in the Ar-to-Xe emission ratio reflects

The laboratory transformer-coupled plasma reatiohe-  the fact thatT, is lower at 20 mTorr than at 1 mTorr. This
matically shown in Fig. Lconsists of stainless steel chamberexample illustrates the TRG-OES method.
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FIG. 2. An emission spectrum from a 1 mTorr,@lasma at 700

W TCP power. Many of the strong Cl emission lines are off scale. FIG. 4. Energy level diagram of Ar.

We determine the electron temperature by adding tracér the 1s, or 1s, low-lying radiative states, arsifor any 1s
amounts of rare gasdsle, Ne, Ar, Kr, and Xgto the dis-  State. Emitting D, levels of the rare ga& can be populated
charge and comparing observed atomic emission intensitig§rough electron impact excitation from the ground sfé&ig.
with those computed from a model wiff, as an adjustable (1)] or the metastable statggq. (2)]:
parameter. Typically, there is no detectable emission from K

Ne or He(excitation energies-18 or >21 €\) in Cl, plas- o

N A+e —— A t+e, (1)
mas. In cases wherg, is higher, such as argon or oxygen
plasmas, weak Ne emission is detectable, and further infor- Km.x
mation can be obtained about the EEDF at higher electron A,+te—— A te, 2)

energied 21].

The procedure for extracting, from the rare gases emis- or through radiative decay from the higher states that are
sion intensities was described previoul]. Here we re- initially excited by electron impact. This latter effect is
view this procedure and further expand upon it to provide ecalled cascading and can be both pressure independent and
better treatment of the contribution of metastables. We alspressure dependefi22]. Pressure-independent cascading is
describe a better method for evaluating the goodness of thacluded implicitly in processe€l) and(2) where the appro-
model fit. priate apparent cross sections that include collision-free cas-

We record emissions from the Paschem Zx=1-10) cading are usefinstead of the direct cross sectipis derive
levels of Ar, Kr, and Xe(see, for example, the atomic energy the apparent electron impact excitation rate coefficiégts
level diagram for Ar in Fig. #as they decay to one of the andkp,,. The pressure-dependent part of cascading can be
four 1s states. We adopt the subscrigtfor the ground state, neglected under low-pressure conditions used here and, in
x for the 2p, statesm for the 1s; or 1s; metastable states, general, at rare gas partial pressu@s5 mTorr[22]. Like-

wise, radiation trapping of @,— 1s emission can be ignored
' ' ' ; ; ] because of the lowd level populations at these low partial

oa2[  Ar@p~1s) —_ pressures.

] The observed emission intensityAg s) of the transition
] A,—Ag at wavelength\, ¢ is therefore given by23]

T oosl I, Ny =354 ]
5 Xe (2p,+ 15,) ] le,s= a(hx,s)Qxbx,S( nAgkg,x+ r’|Amkm,x)
: 0.04 4
e 1
m o0
~ 0.02 —
> R S =\ Qubys 2 Npdm f aa, (VIV3e(v)dy,
g T T T T T T T T =gm VOAXVk '
8 007 .
€ Ar (2p;—~1s;) b) 20 mTorr | 1 ©)
= 0.06 | E
S 1 . L
2005 g where a(\,¢) is the spectrometer sensitivity at, s,
Eooal Xe (2p,~1s;)] Op, k(v) is the cross section at electron speetbr electron
003k A ] impact excitation of levelA, from A, [U’AX‘k(V):O for v

Ar.

7635

Xe.

7642

0.02 <vg Ax,k]' andn Aq andn, are ground-state and metastable-

0.01 k state number densities. The cross sections used for reaction
7632 7634 7636 7638 7640 7oas  7o4d (1) are those of Lin and co-workef&2, 24 for Ar and Xe,
Wavelength (A) and '_[hose of Feltsan and Z_apesochZ@ﬂ for Kr. These data,
modified by small correction factors for the Kr values are
FIG. 3. Partial spectra of gplasmas at 700 W TCP power and summarized elsewherg0,26. For reaction(2), we used
pressures ofa) 1 mTorr and(b) 20 mTorr. cross sections measured by Boffatal. [27] where avail-
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able (for Ar) and by Mitureva, Penkin, and Smirn28,29 excitation data, increase the robustness of the method, and
for Kr and Xe, scaled for better agreement with relatedpossibly obtain an approximate EEDF.

pulsed plasma measuremef®6] and Born-Bethe calcula-

tions by Winstead and McCojB0]. The number density of B. Concentration of the metastable particles

metastable particlesng\m) is a function oang, Ne, andTg,

species concentrations and reactor dimensions, and is dis-
cussed below. The ground-state number densities cannot Since only the relative values of emission intensities are
simply be obtained from the input flow rates for the rareimportant in the model, we can express the densities of at-
gases. The number density for each rare gas is instead ans in different excited states as a fraction of atom density
function of its pumping speed by the turbomolecular pumpin the ground stater(,,). As will be clear from the analysis
and its conductance in the tube and through the valve corbelow,n,g is always much higher than a sum of atom den-
necting the pump to the plasma chamber. This importansities in all excited states and, therefore, can be assumed to
effect is treated in detail in the Appendix. It is shown in the be given by the procedure described in the Appendix.
appendix that Ar is transported at an efficiency of 1.6 times The total emission intensitylgp S) in Eq. (3) is deter-
that of Xe. Consequently, emission from Ar is suppressed bynined by summing over the electron impact excitation pro-
that factor relative to Xe. All electron temperatures presentedesses from all lower states. For Ne, Ar, Kr, and Xe, these
below are corrected by factors computed from the procedurgre the ground state'§,) and the metastable states;land
given in the Appendix. If such effects are ignordd,may be  1s; (3P, and 3P,). The other two low-lying statess} and
underestimated by up te-30%. 1s, (*P; and °P,) have radiative lifetimes that are short
For emission of a photon by an atom, the quantum yieldenough[from ~3 ns for Xe(*P;) to ~30 ns for NefP;)]
Qx when A, spontaneously relaxes to any lower state is[31] to suppress their steady-state number densities, so exci-

1. Creation and loss processes for metastables

given by tation out of these states can be ignored.
1 The metastable states are created by electron impact ex-
Q= T (4) citation from the ground state
e KqP’
K
g,m
where 7 and k, are the radiative lifetime and effective Ajte —— Apte, (7)

guenching rate coefficient fak, by all species at total pres-
sureP. For the short radiative lifetimes of the emitting statesOr by radiative decay from higher-energy emitting states
(e.g., for the Ar 2, level, 7=21n9g and at the low pressure
used in this studyQ,=1. Therefore, since every populated
level is destroyed by radiative decay only, the rate of popu-

!ation .in the model can.be directly tr_anslatgd into emission, reaction(8), we include only the emission from the Pas-
intensity. In Eq.(3)_, by s is the branching ratio for the tran- chen 2, levels that are populated by reactiofis and (2),
sition A—As, defined as and neglect direct population of metastable states by optical
cascading from levels abovepg, since these states are

kx,m

Ay —— Apt hwpeg. (8)

A

b = %S (5) populated less efficiently than theglevels and, if excited,
A tend to decay into @, states rather than metastat2g, 24.
le TAj Since, as discussed above, an atom decays spontaneously

from the 2o, levels to either metastabléls; or 1ss) or
wherei, _is the relative intensityphotons/s of emissions ~radiative (1s; or 1s,) states with almost 100% probability
from IevxéSIA to level Ag, determined from these or other (Qp=~1), the rate coefﬁmentk&'m) for radiative populat|on.
experimentszX or derivedS ,from guantum mechanics, and tho.]c a metastable stlate in EG) e_quals thg sum of thg coeffl-
' Gients for production of that higher emitting level times the

summation in the denominator represents allowed transition . : g
; . ranching ratio §, ,)] of decay into the metastable state to
from A, to all lower 1s levels, determined in the same man- TR . a
the total radiative decay of & level [i.e., Ky m=Dby m(Kg

ner.
+Kmx) |-

I an electron velocity distribution functiof(v) can be The metastable states are destroyed by the electron impact
?Ap;;vc\)/)éllrl?aar:evc\fi?rt\ Izﬁsélg\c/ter:);h?e?ggfagjrf<20 eV bya excitation[Eq. (2)], electron collisional deexcitation to the

' ground statdEq. (9)], electron collisional transitions tos}

. |32 mev2 and 1s, states with a subse_quent ra(:{ia}tive dgcay to the
fo(v)= ne(m exp( -, (6) grourjd .stlatéEq. (101, qpenphmg py collisions w!th ngutral

e le specieg (includes Penning ionizatiofEq. (11)], diffusion-

and if all of the other parameters in E@) are known, then szr;arogﬁg glléi?ﬁ)mr}%o;geiéﬁzzgg arzllcé)e].at the wis.
the relative emission intensities can be compared with onegs ' P a '

computed from the model, witfi, as the only adjustable Kqg

parameter. In principle, a comparison of experimental and Apte —— Agte, 9
modeled intensities for just two emission lines can provide

T.. It is necessary, however, to use as many emission lines Kqr

as possible to compensate for errors in the electron impact Apnte —— A+e, A—Ajthog, (10
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Ka.j wherekge is a sum ofk,y andky,; Ko ; andny ; are the
AntNj —— Ag+Nj, (11 quenching rate coefficient and the density of neutral species
N;. The rate coefficients for formation of the metastable
kg states out of the ground state are computed from
Amn—Ag, (12 o
) km:47TJ Ta, (V)V3fg(v)dv, (18
i 0 m
Anpt+te—AT+e. (13

WherecfAg m(v) is the cross section at electron spaedor

Similar (or simplified calculations of Ar metastables €lectron impact excitation of metastable leve), from the
number densitiegtreating 3P, and 3P, levels as a supin ~ ground state. _ _ N
Ar plasmas were conducted by several gro[g®-35. The Published cross sections or the reaction rate coefficients
most complete model by Karoulina and Leb¢@2] includes ~ for reactions7) and(9)—(12) have been previously reviewed
reactions(7)—(13), but also considers metastable-metastabld16]- To calculate rate coefficients for reactiti8), we used

[Eq. (14)] and three-body collisiofEq. (15)] quenching: cross sections given by McGuifg6]. Diffusion of A, in the
CI/Cl, gas can be approximated as a first-order process, with
kam a rate coefficient of23]
AntA, —— AT+A +e, (14)
meem ¢ ka=Da n, /&, (19
k3p

el ' -
(15) wherel s is an effective length in the plasma, which is ap
proximately the reactor volume-to-surface area ratio. The ef-

However, even at the relatively high pressure~cf Torr in fective d.lfoS.IOH coefﬂmenlDAmNj needed to ca!culate thel
their study (and therefore relatively high concentration of rate of diffusion of metastable rare gas atoms in the carrier
metastable particles with respect to the electron dentiy ~ 9as[reaction(12)] can be expressed as

Ant2A; —— AS +A,.

contributions from reactiond4) and(15) were small. In our 1
case, the contributions from these reactions to the destruction Do n=Tr0 e (20)
of the metastables at all conditions are less than 0.5% and o 1/DAm+ 1/DAmNj

can be neglected. . e -
We compute the density of both metastable level<cOMPining a molecular diffusion coefficienDf )
(nAlss,nAm), the sum of which equaIaAm. This is impor- s [BRT,

tant for computing the emission intensities from,2evels D,‘i =— , (21)

that are largely populated through the metastable route, es- m 3 TMa

pec_ially in cases where the cross section for (_alectron impactyg a pressure-dependent binary diffusion coefficient
excitation from one of the metastable levels is much Iarge(Dg \). Ty is the gas temperature aid, is the atomic
than that from the other. The same destruction rate is as- "™ 0 .

sumed for both levels since these rates are similar, or aré€ight ofA.Dj . was calculated using Lennard-Jones po-
measured for only one level or for a mixture with unknown tentials[37], summarized in an earlier version of the TRG-
fractions of the two levels. Since the excitation rates into th€DES mode[16], and in a recent study involving diffusion of
two levels are different and relatively well measured, how-Cl atoms in a Cl/GJ mixture plasmg38].

ever, we keep track of their separate densities. Thus, the ratio We did not measure the gas temperature in this study.
of the density of metastable levels corresponds to the ratio dfrom other published studies in similar systems, we assumed
the rates of electron impact excitation intssland 1s; lev- @ T, of 300 K (the wall temperatureT,,) at very low TCP

els, and typically isna,  /na, ~5/1. The cross section for power an_d 1000 K at a power of 1000 WT, was agsgmed
electron impact excitation to levelp2 from the metastable 0 be a linear function of power between these limits. The
levels is then expressed as gas number density was assumed to decrease in proportion to
increasingTy. The total number density was assumed to
increase with increasing percent dissociati®bd) of Cl..

n n
o = AUAMQL %0A153X' (1) ~ Combining dissociation and heating effects, the total number
X Na T NA, XN T NA : density(ignoring the rare gasgss given by
— T 100+ B8 %d
wheren, _+na =nj . ng= T_g (nou2 —10% D (22)
Solving for the steady state of reactiof®3—(13), we ob- w
tain the number density of metastables: where 3~0.7 is a correction factor for mass balance that
10 arises from the difference in pumping speeds of Cl and ClI
(see the Appendix
al Koot S Ky yb PP
Agl haim T e Bgxxm As an example, we presefifable |) calculated rates for

; population and depopulation of metastable states of Ar, Kr,
2 ke nv 4k and Xe in a 10 mTorr Glplasma at 430 W input TCP power.

—~ "Q,j1IN; T d . _ 1am—3

] i Under these conditions),=1x 10" cm™2 and 74% of the
(17)  Cl, is dissociated39]. The columns in Table | represent

Na =10

m 1
le Kix(1— by m) + Kget ki+

Ne
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TABLE I. First-order reaction rate coefficients for excitation and deexcitation of metastable states Ar, Kr,
and Xe(10 mTorr, 74% dissociated £plasman,=1x10"cm 3, T,=2 eV, T;=600K, l4=4cm).

10 10

nekg,m nez kgvxbx,m nez km,x(l_ bx,m) nekqe Nk 2 kaJan Kg
x=1 x=1 ]
Ar 1.87 1.03 8.1%10° 2.00x 10" 1.69x10° 3.62x10" 8.43x1(?
Kr 5.73 457 2.6%10° 1.80x10* 1.29x10° 3.62x10° 6.61x1(?
Xe 29.87 6.15 8.68 10° 1.50x10* 1.69x10° 3.62x10° 4.99x 1(?

first-order rates of, respectively, excitation from the groundsee Eq.17)]. At the opposite limit, no dissociation of £l
state to the metastable states, population frgp2ates ex-  occurs, the metastables are mainly destroyed by collisions
cited from the ground state, depopulation through excitatiorwith Cl,, and the metastable density increases from near zero
out of the metastable states intp2states with subsequent at n,=10cm™3 to its saturation value atn,=3
decay into the radiative states, electron quenching to the10°cm™ (Fig. 6, the dashed line on the rightThe
ground states or radiative states, electron impact ionizatiorashed line in the middle corresponds to 74% dissociation
quenching by molecular and atomioegligible chlorine, (measured at 10 mTorr in the TCP reactor described above at

and diffusion. an input power corresponding tg=1X 10'*cm™3).
The three dashed curves in Fig. 6 were calculated with a
2. Dependence of the metastable concentration fixed percent dissociation of £lIn practice, when the input
on plasma parameters power increases, so does the electron density and the percent

) - dissociation38]. The solid line in Fig. 6 represents the de-

Figure 5 presents the calculated densities of Ar, Kr, anthendence ofi,, 5, on n, with a measured Glpercent disso-
Xe metastables, relative to the corresponding ground-staigation that increases with increasimg. In this case, the
densities as a function of electron temperature for a 10 mTorfetastable density increases from near zero to its saturation
Cl, plasma in the TCP reactor described in Sec. Il. Aboveyalue whenn, increases from 8 to 10'2cm™3. Over this
we assumed that the total number density of all excited levrange ofn,, the derivation of the adjustable parameter
els[40] is negligible with respect to the density of the groundfrom a comparison of computed and observed emission in-
state. For the typical range @t’'s the density of metastables tensities requires knowledge of . Conversely,n, can be
is less than 1% of the ground-state density, so this assumpreated as a second adjustable parameter, allowing electron
tion is valid. densities in the~10'°-10"2cm 3 to be estimated from the

Another key variable in determining the concentration ofbest fit of the model to the data.
the metastable particles is electron density. Figure 6 shows
number density of Ar metastables as a functionngf at
constantT,. np, o, Is calculated for four different cases with
Cl, as the feed ga&Cl, is one of the most commonly used  The use of a large numbér25) of emission lines from
gases in plasma etchipngThe left most dashed line corre- Ar, Kr, and Xe helps to average out random uncertainties in
sponds to a Cl plasm@ae., 100% dissociation of the Cleed , e - e
gag with the traces of rare gases. In this case, the destruction | sl 7,=2ev
of the metastables by neutral speci€ and the rare gasgs | p=10mTorr
is negligible andn,, A, reaches saturation a,=10"cm3

C. Procedures to computeT, from comparisons of observed
and computed emission intensities

8x10°

.
s+ Real Diss. .

// (%diss = (n,))

T M T T T T .
6x10° [0 /

;
100% diss. / Base Conditions:
(pure cly ™" g n = 1e10" em® 4
! K %hdiss = 74%

4x10°

n_ (relative to ground state)

2x10°
0% diss.
{pure CI,)

ot

Lab TCP Cl, PLASMA:
; P = 10 mTorr 10
10°F ke / n, = 1x10" (cm®) a
74% dissociation of Cl, n, (cm™)
P =Py =Py,=0.1 mTorr

11 14

10 107 10" 10

n_ (relative to ground state)

. . . . . FIG. 6. Computed number densities of Ar metastabigs ) in

1 2 3 4 5 the laboratory TCP reactofFig. 1) as a function ofn, for p
T, (eV) =10mTorr Ch, and T,=2 eV. The assumed values for percent

dissociation of CJ are (dashed lines from left to rightt00%, 74%

FIG. 5. Computed number densiti¢®lative to the respective (measured percent dissociation at the input power corresponding to
ground statpof Ar, Kr, and Xe metastables in the laboratory TCP n,=10""cm3), and 0%. The solid line represents a calculation in
reactor(Fig. 1) at a C} pressure of 10 mTorr for the range ©f, which the percent dissociation is also a function of electron density
with the other plasma parameters fixed. (determined from experiments
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From Fig. 7, the absolute minimum scatter of the percent
standard error is found at input parametersTef 3.70 eV
andn,=3.1x10"%m 3, The Langmuir probe data gave
=1.2x10"cm 3 (in the center of the reactpwhich would
§ yield a TRG-OEST,, of 3.64 eV. Some of the discrepancy
' between these two values fog is attributed to the fact that
the Langmuir probe measured the peakn the center of the
plasma, whilen, estimated by TRG-OES is a weightéoly
emission intensity line-integrated electron density that in-
cludes regions of lower electron density near the walls. The
discrepency could also mean that the model overestimated
T, o 3707938 eV the contributions from metastables in this example. Since

: : ' L is introduced in the model only through the calculation of
2 3 4 5 6 7 . . . . . .
T &) metastable d(_ensmes and contributions to optical emission
° [see Eq(19)], it can be allowed to change, compensating for

FIG. 7. The “minimum scatter” method for determining,  €ITOrs in the metastable cross sections. For example, if the
from TRG-OES. The percent standard error of the sets of values dgfontribution from the metastables were overestimated be-
IN(l expt/!\ card fOr all lines is plotted as a function of the inplgin ~ cause their cross sections for electron impact excitation were
the model(for several different,, input value$. The experimental  too high, then the best fit in the model would be found with
intensities are those measuredai 2 nTorr Cl, plasma in the labo- an artificially low n,. We can see from Fig. 7 that in this
ratory TCP reactor with 500 W input TCP power. particular case, a reasonable guess rfpris sufficient for

determiningT,, since the minimum scatter is obtained at
the electron impact excitation cross sections and otheT,=3.7eV, independent of assumed electron densities be-
sources of random error. The best fit of the model to experitween an extremely low value of 3@10° cm 2 and a much
mental data is the best match of ttedative calculated inten-  too highn, of 4.0x 10"2cm™ 2. In other cases, some depen-
sities () cad to the observed experimental intensities dence(usually an increase of never more than 2086 the
(I expd) @Ay s, i.€., 1y expill\ caic=a for all the lines, wher@  minimum scattefT, was found over this very large range of
is arbitrary constant that is the same for all emission linesp, .
(An absolute calibration of the spectroscopic system is im- To estimate the absolute uncertainty ® from this
practical and unnecessary. method, we calculate the uncertainty of the percent standard

Typically, we calculate sets dfy expl) cac: @SSUMING @ error of scatter o(T,) from combined experimentéimpor-
Maxwellian EEDF for eaclT, between 1 and 8 eV with a tant for weak lines that have poor signal to noise ratal
0.1 eV step resolution. Two methods are used to select thgeoreticaldominated by a 15—45 % uncertainty in the cross
best of these 70 sets of emission intensity ratios and, thergection datauncertainties, using standard propagation of er-
fore, the best value fof,. In the first method, the weighted ror methods. Sample uncertainties of the percent standard
mean valuegwith weights of individual ratios determined by error are shown in Fig. 7 for points &,=2.7, 3.7, and 4.7
their uncertaintiesof In(l, expt/ly caid for all of the lines, to-  ev for n,=3.1x10%cm™3. The lower (r'gw) and upper

gether with the percent standard erte(T,), are calculated (Tgigh) boundaries for thd, value obtained in the minimum
for each set. The percent standard error around the meagatter method are determined from the equation

value is plotted as a function of inpiit, for each inputn,
(see Fig. 7. The lowest percent standard erfor minimum o (T = o (TN S 1 A or(TINN S = (TGN (23)
scatte) corresponds to the best match between the model
and the experiment and hence the best valud faidenoted _
as T sealin Fig. 7). From the lowest curve in Fig. &(T2") and o(TR") each
Along with the electron temperature, the model also redefine a solution of Eq. (23)], at T?"=3.44eV andTy?"
quires a value fom,. If available, we use a value from =4.00eV: thereforeTo" 5 3.70 (+0.30/~0.26) eV.
Langmuir probe or microwave interferometry experiments. If In a second method for determinin,, the values of
such data are not available, we use an educated guess. II(l, ¢yo/l\ cad are plotted vs threshold energ¥y( ) for
both cases, we allow the valuesrgfto vary, typically from  excitation from the ground state to each of thp, devel
Ne /32 to 3 o in increments of a factor of 2. The minimum emitting at\,  for each set, corresponding to the different
percent standard deviatiqdefined as aboyes then deter- assumed values dof.. A linear least-squares fit is then ap-
mined for all the values ofi,, and the set with the lowest plied to the weighted data of each set, and the sldped
scatter for all possiblen, and T, determines the final,  their uncertaintiesof the linear fit are determinedrig. 8). If
value. Such an approach eliminates the need to know th&, in the TRG-OES model is too low, the calculated emis-
electron density. We refer to this as thbsolute minimum sion intensities for the lines that are excited mostly by high-
scattermethod. The absolute minimum scatter of the percenenergy electrons(Ar lines) are underestimated and the
standard errofFig. 7) determines not onlif ., but alson,. IN(l\ expt/ 1\ cald Values for these lines are too high, while the
Because of the relatively large uncertainty in the cross secazalculated emission intensities for the lines with the lower
tions of excitations out of the metastable states, howewer, threshold energiegXe) are relatively overestimated. The
determined in this manner is not as reliable as the valuslope of the linear fit to the iy ¢xpi/l) caid VS Ey 1 poINts in
derived forT,. this case is positive. If instead a too-hidh is chosen, the

25

20 -

Percent standard error
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Threshold energy of excitation, E,, (eV) T, (eV)
FIG. 8. The “zero slope” method for determining, from FIG. 10. Effective energy of excitation of A and 2pq levels

TRG-OES. IN{, expt/l catd iS plotted vs threshold energies for ex- as functions ofT,. Dashed lines, metastables not included in
citations(for several different, input values and a fixed value for Fig. 9): solid lines, metastables includgd.=1x10""cm™, 10
n. determined from Langmuir probe measuremgriEperimental ~ mTorr Ch, 74% dissociation
intensities are the same as in Fig. 7.

D. Sensitivity of TRG-OES to the EEDF

slope is negativeT, is determined from the set with a slope  The energies of the emittingp2Paschen states of rare
equal to zero. The uncertainty if, is obtained from the gases used in the method are between 9.722¢) level of
standard deviation in the slope of the least-squares-fitted line{e) and 13.48 eV(2p; level of Ar). Consequently, one
and the boundar¥,'s that would provide zero slope within would expect the TRG-OES method to be sensitive to the
that uncertainty. For example, in Fig. 8 thiro-slope high energy part of the EEDF, since only electrons with en-
method yieldsT.=3.63 eV, in excellent agreement with the €rgies higher than these thresholds can populate these levels
minimum scatter value of 3.70 eV in Fig. 7. This second/rom the ground state. Let us define the “effective” energy
method does not have the capability of determining electrof @n “average” electron that is responsible for the excita-
density and requires a value fog as an external parameter. 10N of the emitting levek out of the ground state:
As with the minimum scatter methods, the value fgrcan
be an educated guess, or a measurement provided by Lang- f‘” /28

| . ) . e\ —og,(e)f(e)de
muir probe or microwave interferometry analysis. It can also (evogy(e)) 0 me &
be the value of, determined from the absolute minimum  €J¢(To)= ’ =

scatter method. (Vogx(e)) © [2e
The agreement between the absolute minimum scatter and Jo H%,x(s)f(e)ds
zero-slope methods is typically very go¢d few percenk ¢ (24)

The final value provided by TRG-OES is a weighted average

between the minimum standard error and the zero-slope

method.(In the example ba 2 mTorr Cb plasma at 500 W wheree andf(¢) are the electron energy and electron energy
power, the weighted average and combined uncertaintiedistribution function. Since () (which we again, for sim-
yield T,=3.68+0.24 eV).

18 T T T T AR LA |

T T T T T T T - 1
24 - Aroroup: Sy 16 Ar 2p, (750.4 nm) -
14 L .
>
s 2 12 4
L H Ar2p, (751.5 nm) |
x o w
@ 10}
Ar2p, (811.56 nm)
gL T,=2eV
P 1aal PR | I atal I PR
10° 10" 10" 10" 10"
n_(cm™)
e

T, (eV)
FIG. 11. Dependence of the effective energies of A; 22ps,
FIG. 9. Effective energie&efined in texk for excitations from  and 2pg levels on electron densitfi,=2 eV, 10 mTorr C}, 74%
the ground state of several Ar and Xe lines as function$ of dissociation.
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plicity, assume to be Maxwelliaris a function of T, the  one can see from Fig. 9 that the orderedf may change at
effective electron energy is also a functionTf. T, different fromT,—0.

The effective energies for excitation of Ap2, 2ps, and As discussed above, the excitation of an emittipgl@vel
2pg and Xe d3, 2ps, and Qg levels as functions of g are  can occur through electron impact excitation of one of the
shown in Fig. 9. In the limit ofT,— 0, these effective ener- metastable levels that are also formed by electron impact
gies reduce to the energies of the corresponding levels aboy&om the ground staje Such two-electron transitions have
the ground state or the threshold energies for excitation. Allower excitation thresholds and can be caused by lower-
though the energies of thegp2evels are ordered energy electrons than excitations directly from the ground
state. To take the excitation out of the metastables into ac-
count, we can define the effective energy for the excitation of
(25) 2py level as

Xe
2p1o

Kr

€ 2p1o

<"'<8)2(31<8 <"'<8§{31<8Ar <"‘<8§{)1,

2p1o

. <8V0'g,x(8)> + nm<8VUm,x(8)>

Eei( Te Ne) = (Vogx(e))+Np(vomx(e))

o 2e © 2¢
f 2 \/—Ug’x(s)f(s)ds-l-nmf s\ﬁamyx(s)f(s)ds
0 Me 0 M
- o 2¢e ® 2¢ ,
J’ \/—Ugyx(s)f(s)ds—knmf \/:a'myx(s)f(s)ds
o Vme o Vmg

(26)

wheren,,, as before, is the number density of metastables as Finally, we show the entire range of electron energies that
a fraction of the ground-state number density. The effectiveare probed with TRG-OES. Without emission from He or
excitation energies decrease with the introduction of theNe, this range is between the effective energies of excitations
metastables, as shown in Fig. 10. The effective energies fo¥f Xe 2pg (881.9 nm and Ar 2p; (750.4 nm, the levels
excitation of Ar 2o, (emitting at 750.4 nthand 2y (emit- with the lowest and the highest effective energies, respec-
ting at 811.5 nm are shown for two conditionsn,—0 tively. Figure 12 shows the effective energies of these levels
(dashed lines, corresponding to absence of metastable levef$ functions ofT and n.. For each set of conditions
as in Fig. 9 and n,=1x10"cm 2 (solid lines, in a 10 (Te;Ne), the distance between lowete 2pg) and uppeXAr
mTorr, 74% dissociated hlasma. 2p,) surfaces represent the range of EEDFs probed by TRG-
The effective energy for excitation of emission from the OES. The projection of these surfaces onrge 0 pl_ane(no
Ar 2p, level is independent ofi, and nearly equal te;* n:etastables would prowdelthe curves fron_1 F|gr.] 9. At f
since the cross section for electron impact excitation of thi asma parameters most relevant to processing, the range o

. he EEDFs probed by TRG-OES is about 10 eV.

level from the metastable levels is very small, and therefore
the contribution of emission excited from metastable levels
to the total emission is negligible. On the other hand, the 20
effective energy of the Ar gy level (to which the contribu-
tion from excitation out of the metastable levels is substan-
tial) changes significantly. Consequently, while rare gas 1e
metastables bring a major complexity to the method, they 14
also greatly increase the range of electron energies contrib-= 12
uting to T, derived from the model. In the example given in
Fig. 10, without the metastables, emission from Ax; 2and
2pg would provide information about essentially the same
part of the EEDFe.g., 14 eV at lowT, and 20 eV atT,
~5eV), while with the metastables they reflect different
EEDF regionga 7 eV spread at.>0.5¢eV).

Since the number density of metastables is also a function
of n., the effective energy of excitation decreases with in-
creasingn,, as more metastables particles are created. Fig-

ure 11 illustrates this point for thep2, 2ps, and g Ar FIG. 12. The effective energies for excitations of Xg;2881.9

C M g.x
!evels. In the “)[mt ofne—0, rlAmHO andef—eeii - A_S Ne nm) level (lower gray surfaceand Ar 2p; (750.4 nm level (higher
increases, theg; parameters decrease to asymptotic valuesvire surface as functions off, andn, in a 10 mTorr, 74% disso-
at highng, WhennAm reaches its upper limit. ciated C} plasma.

gy (@
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sure dependence @f, from TRG-OES, while a weaker pres-
sure dependence of the Langmuir probgs reflects the
more similar slopes for the bulk of the EEPFs.

FIG. 13. T, as a function of TCP power and pressute 2, 5,

10, and 20 mTojrmeasured by TRG-OE&olid symbol$ and the V. CONCLUSION

Langmuir probe(open symbols connected by lines Trace rare gases optical emission spectroscopy is a robust,
nonintrusive method to determine electron temperature in
IV. RESULTS FROM THE LABORATORY TCP REACTOR low-pressure, high-density processing plasmas. The applica-

. . ility of the method can be easily extendable to other plas-
Flgure 13 presents electron temperature as a function as, since TRG-OES requires an addition of only a small
power in 95% CJ/5% rare gases plasmas for different total ymount of chemically inert gases and a spectroscopic system
pressures measured both by TRG-OES and the Langmuiith an optical(visible range access to the plasma. In pro-
probe. Both techniques yield higher valuesTof at lower cessing plasmas, TRG-OES is the ofdyd, in most cases,
pressure and higher power, but differ in manners similar ttettey alternative to the Langmuir probe technique, which
those observed for other inductively coupled plasma reactomiils in hostile environments and possesses a number of ar-
operating at 13.56 MHE5,17,19. T,'s obtained from TRG- tifacts. While the Langmuir probe samples mostly bulk and
OES measurements exhibit stronger pressure dependence#d-energy electrons, TRG-OES samples mostly the high-
and are lower than those obtained with the Langmuir probenergy tail of the EEDE>10 eV). This is the most impor-
at higher pressure. tant part of the distribution, since these high-energy electrons
The main reason for the disparity between the two sets ogstablish sheaths and potentials across the plasma, provide
electron temperatures at high pressures is that they samplee electron part of the current to the wafer, and excite, dis-
different regions of a non-Maxwellian EEDF. Figure 14 pre-Sociate, and ionize atoms and molecules. With further refin-
sents electron energy probability functions at different presing of the rare gas cross sections, particularly those for elec-
sures. As discussed above, TRG-OES assumes a partiaffPn impact excitation of Xe out of the metastable states, and
Maxwellian EEDF(straight line on the EEPF betweerl0 excitation of Kr from both the ground state and metastable
and ~20 eV). The Langmuir probe analysis also defines states, it should be possible to derive EEDFs from TRG-

for a Maxwellian EEDF by finding the best fit to the expo- OECSC’JSS;\r’iilcl)r?so?.?so\ll:tﬁgegggp gelg‘:‘lt:f&ressure Ioower
nential part of the electron retardation regionle¥ curves b € ge p P

(3=E=13eV). The EEPFs measured with the Langmuir o J¢ showed good agreement between TRG-OES and Lang-

. ir probe methods for Maxwellian EEDFs in low-pressure
probe at 430 W input TCP power show that only the 1 and urp xwe In 'OW-p .

; : .~ 4<5 mTorp plasmas with well-grounded surfacdbare
mTorr discharges have a Maxwellian electron energy distrigiainless stegkxposed to the plasma. The disparity between

bution. At higher pressures, the distributions increasingly deghe two methods at higher pressutsmTorr and aboveis
viate from Maxwellians through a depletion of the high- jystified by deviations of the EEDFs from a simple Maxwell-
energy tail. Thus the results in Fig. 14 explain the differencgan distribution, through a depletion of high-energy elec-
between thel, measurements in Fig. 13. At 1 and 2 mTorr trons.

(nearly completely Maxwellian distributiondoth methods

yield similar values fofT, within their combined uncertain- APPENDIX: CORRECTIONS FOR DIFFERENCES
ties (we estimate an uncertainty of the Langmuir prakés IN'RARE GAS PUMPING SPEEDS
of ~10-159%. At higher pressure¢=5 mTorrn, however, The TRG-OES method requires accurate relative number

TRG-OES yields lower values fdf,, sensing the depletion densities for the rare gases. It cannot simply be assumed that
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TABLE II. Gas transport parameters, pumping speeds, and correction factors required to correct rare gas
number densities their different transport efficiencies.

n(A)/n(Xe) n(A)/n(Xe)
\ (cm, in 2(A) f(Cl,) =20, f(Cly)=100,
Gas v (cmsY) S(em’s Y d(A) (&) 1mTorrCh) (10 %gem s U=1.65 U=26.4

He 12.6x10* 1.05x10° 2.18 6.54 1.98 0.405 0.241
Ne 5.61x10* 1.10x10° 2.60 5.79 3.12 0.542 0.448
Ar  3.99x10" 1.02x10° 3.67 4.37 2.21 0.659 0.591
Kr 2.75x10" 8.54x10° 4.15 3.90 2.50 0.853 0.824
Xe 2.19x10* 7.54x10° 4.91 3.29 2.24 1.0 1.0
Cl, 2.99x10* 8.91x10° 5.44 2.45 1.34

the number densities are proportional to the flow rdigs) For the pump used in this studyeybold Heraeus model
(and therefore equal in the experiments described gbovelurbovac 1000 f=600Hz, R,=10.1cm, and R,
since the effective pumping spe&gk(A) is a function of the =5.1cm. Using transmission probabilities of unfigxcept
gasA. The geometry of most plasma reactors can be approxifor the lightest gases: k(He)=0.69,k(Ne)=0.92] [42], the
mated by a large vessel, connected by a tube of lehgih low-pressure pumping speeds calculated from @@) are

and diameted; ;. to @ pump with a pumping spees(A) listed in Table II.

that also depends on the gas. Between the pump and vessel isThe most important reduced variable considered when es-
a throttle valve with inner diametet, ... For the system timating tube conductances is the Knudsen number Kn:
used in this study/pe=46 cm, dype=18cm, anddyye

=18cm. Kn(A)=N\(A)/dwpe, (A6)
The effective pumping speed for the vessel is given by .
[41] where\ (A) is the mean free path for a small amount of rare

gasA in the process gas. For the gas flow mixture used in
1/Sei(A)=1/S(A) + 1ICpd A) + 1IC o A),  (Al)  this study(1% of each of the rare gases added to 95%,Cl
the mean free path for the rare gases is given to a good
where Cyp,dA) and C,,(A) are the conductances of the approximation by
tube and valve. The number density of each rare gas is then
M(A)=1[v2mnyd(A-Cly?], (A7)
N(A)=f(A)/Ser(A), (A2)
whered(A-Cl,) is the diameter of thé-ClI, collision pair:
where f(A) is the flow rate in (molecules$)(1 sccm
=4.482x< 10" molecules §%). d(A-Cl,)=[d(A)+d(Cl,)]/2. (A8)
The pumping speed of a turbomolecular pump is a func-
tion of the pump’s blade geometry and rotation frequencyThe degree of Gldissociation in the plasma is largely irrel-
(f), as well as the pressure and mass of the gas. For thevant becausél) Cl recombination is fast on the stainless
lighter gases(He and to a lesser extent Ndt is also a  steel surfaces of the tubing leading to the pump &é)dhe
function of the transmission probabilifk(A) ] and the pres- mean free path of a rare gas through & a number density
sure in the fore line. If the faces of the pump’s blades are ang is roughly the same as that for the rare gas in Cl at a
a 45° angle with respect to the mean gas flow direction angdumber density of @, .
the spacing between the blades is large compared with the Molecular diameters determined from viscosity dgté]
blade thickness, then the low-pressure pumping spefetljs are summarized in Table I. Knudsen numbers for the experi-

42] ments described above and elsewHé&17,19,20,3Brange

from ~0.01 for Xe in C} at 20 mTorr to~0.5 for Ar in Cl,

S(A)= VpF (A3) at 0.5 mTorr. Gas flow is molecular for KAj>0.5, while
A[1K+v,/Iv(A)] continuum flow occurs for Kr§)<0.01. Therefore, the gas

flow just spans the transitional flow regime between these
wherev(A) is the mean thermal speed fArv,, is the mean two limits under the conditions typically used in plasma
blade speed, defined as etching processes.
The conductance through an aperture in the transitional

4 flow regime is given by41
Vo= 7 (RE—RO(RE—RD), (Ad) gime 1s given by41]
10+ Ky[ daped N (A) ]2
t _~m pe!
andF is the input area of the disk defined by the outer radius Cape'(A)_Capel(A) 10+ kz(A)[daper/MA)]l's » (A9)

of the blades R,) and the inner radius at which the blades

merge into a solid hubR;): where Cg,.(A) is the aperture conductance for molecular

s flow, daper is the smaller dimension of the aperture,
F=m(R;—R). (A5)  —=0.5, andk,(A) is given by[41, 43
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with y(A)=C/(A)/C,(A) being the ratio of constant pres- % o5L g ]
sure to constant volume heat capacitit3 for atoms and oal .
1.325 for C} at 300 K[44]). The molecular flow conduc- 03} , , , , , , .
tance through an aperture is given [[#] 10F ' ' ' ' ' ' ]

09k b) 50 sccm -

CI o A) = TVApefd, (A11)

n(A)/n(Xe)

whereA,is the area of the aperture.
The throttle valve can be considered to be an aperture,
with a variable slit width defined as

dgjit= daperE dvarve/U, (A12)

whereU is the factor by which molecular flow is attenuated
by the partially closed throttle valeetermined experimen-
tally with He at low pressure§~0.1 mTor) or with Cl, in
this studyl. ConsequentlyC,,{A) [=C},.(A)] can be ob-
tained from Eqs(A9) and(Al1), with d,pe provided by Eq.
(A12) and Agpe— 702, J4U.

Transition flow conductance through a short tube FIG. 15. Number density increas@sormalized to the number
[C:ubéA)] is sometimes treated as a series of conductancedensity increase for Xe additipmmeasured with the addition of 5

through a long tubgEqg. (A11)] and an apertur{ecg A)] (solid squaresor 10 (open squargssccm of a single rare gas to a
[45]: P flow of (a) 25, (b) 50, or(c) 100 sccm of CJ. The valve was fully

open for(a) and(b), and partially closed such that the area of the
opening was reduced by a factor of 11(ir). Solid lines are pre-

1/ct (A)= 1/C|tong wnd A) + 1/ct (A). (A13) dictions from the model described in the Appendix.

n(A)/n(Xe)

20 40 60 80 100 120 140

Mass (amu.)

tubi ape
3
Although Egq. (A13) has the correct asymptotic limits for Cl od A= diupe /WRTQ’
infinitely long and short tubes, it has been shown to be quite ¢ Blube ¥ 2My

inaccurate(5% error or morg for finite length tubeq46]. whereR is the gas constant

Fortunately, the error introduced in computing the relative The coefficient of viscositys(A), for a single gas is
number densities of the rare gases is negligible because YA, ge g

1/Ct,,(A) is generally smaller than $(A)+1/C(A), JV&" by
gggezlmllar systematic errors are made for all of the rare A 0.499n(A)V(A) a6
The long tube transitional flow conductance can be ex- V2mNd(A)?

pressed apt1] wherem(A) is the molecular weight of the gas ai}, is

t _ Avagadro’s number. For a mixture ofgases, the viscosit
Clongtube(A)_C?long tubéA) is gi?/en by[47] g y

Kn(A)+ /2 . N
+ Clong tubéA) ) _ E l
Kn(A)+ 1.235//2 =2 T , (A17)

(A14) > X

=1

where C}gng u_méA) is the Io'ng t.ube viscpus flow conduc- wherex; is the fraction of each gas and
tance, described by the Poiseuille equation

4

7duipe 1 m;
?long tube m(P+ Pvalve)y (A15) ¢ij :ﬁ ( 1+ ﬁ:

whereP and P,y are, respectively, the vessel pressure andyith m; andm; being masses. For computations of the rela-
the pressure at the upstream side of the vabign/cnf).  tive number densities of each of the rare gases in the small
Clong wbdA) is the molecular long tube conductance, givenamount of the mixture added to £khe viscosity of GJ can

by [41] be used with a negligible error. However, when computing

—1/2 1/412

J

1/2( m

1+(ﬁ
7j

. (A18)
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the pressure rise caused by adding a small am@ay, 5% P ,,(Cl,) is obtained from Eq(A19) and used to obtain
or 10% of one rare gas to Gl(as will be done below to c;gngwbe from Eq. (A15) with 5~ 7(Cl,). C}gng wbe IS then
compare model predictions with measuremgntise small  used with the equations above that are specific to the differ-
change in the viscosity caused by the added rare gas wiént gases to compute number densities of the five rare gases.
cause a change in the viscous flow conductance that is conThese values are used in the calculation of electron tempera-
parable to the pressure rise expected from the addition of thires by the TRG-OES method.
rare gas[ ~f(A)/f(Cl,)]. The percent change in pressure Before giving correction factors for the rare gases under
caused by the change in the viscous flow conductance will isome representative conditions, we present some closely re-
turn approach the percent change in the viscous flow condudated computed number density rises when a single rare gas
tance when this flow regime dominatést very high flow is added to Gl The model predictions are compared with
rates and high pressures, with the valve mostly openedexperimental measurements in Fig. 15, for threg f@iw
Therefore, the viscosity of the two component mixture mustates. The model is in good agreement with the measure-
be used in these cases. Equati¢h$5) and (A16) are kept  ments.
in the simpler form to be used with the five-component mix-  Finally, number densities were computed for all of the
ture, with A being C} in Eq. (A16), »~ 5(Cl,), andP and  conditions used in this study. The extremes of these values
Pyawe being C) pressures. are presented in Table Il, normalized to the Xe number den-
The pressure above the valve is given by sity to obtain the correction factors by which the number

. densities of Kr and Ar should be multiplied by to correct for
PuaneA)=RTHA)[LS(A)+1/Ciqd A)].  (Al9)  these gas flow effects.
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