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The electron energy distribution functions and electron temperatures are measured in Ar/He and
Ar/Xe inductively coupled plasma with various mixing ratios. The electron temperature does not
change linearly with the mixing ratios; instead it increases abruptly ReafP,,+ne=1 and
decreases rapidly nedy./Pa,+xe=0. A simple model using a two-ion-species fluid model is
suggested to explain the electron temperature variations, and it agrees well with the experimental
results. ©2001 American Institute of Physic§DOI: 10.1063/1.1404135

Usually processes are done using two or more gas sp&on with the experimental results. The EEDFs are measured
cies simultaneously. For example, in the silicon dioxide etchto calculate effective electron temperatures using a rf-
ing process, Ar, Xe, or kare added to various fluorocarbon compensated Langmuir probe in Ar/He 20 mTorr and Ar/Xe
gases to increase the etching selectivity to Si underfayer10 mTorr ICP at various mixing ratios.
and a Ne and Xe mixture is used in plasma display panel The ICP reactor used in this study has been described in
(PDP cells for easy breakdown and high lighting intensity. @ previous papét.The discharge chamber consists of two
Another example of gas mixture is the addition of rare gase&egions: one has a Pyrex cylinder 15 cm in diameter, 12 cm
as a trace rare gadRG) to determine plasma properties 0ng, and a grounded stainless steel cylinder 22 cm in diam-
such as the electron energy distribution functiBEDF) of a  €ter, 10 cm long; the other region is for another purpose and
high energy taif. Studies on gas mixture effects have beenhas no effects on the first regiéior precise pressure mea-
done by a number of researchers. Ishikastal. have re- Surement, a capacitive manometéKsS, 127AA-00001B
ported the ionic species intensity variation in f&r plas- IS used. 600 W, 13.56 MHz rf power is coupled to a single-
mas as a function of the Ar mixing ratfokobayashiet al.  turn copper coil. A rf-compensated Langmuir probe, set at
have reported the variation of discharge-sustaining voltagil® center of the reactive chamber, measures the EEDFs
(DSV), the phase angles of the discharge current to the LF(€)], effective electron temperature$=2/3(¢)), elec-

applied voltage and the electron temperatug) (with vari-  Ton densitiegne=fF(e)de], and plasma potentials. To re-
ous gas mixing ratios in GfN, plasma* duce the rf distortion of the probe characteristics, a probe

Electron temperature is one of the most interestingSyStem consisting of a small measurement probe and a

plasma parameters because it is believed to be related ﬂ?ating-loop reference probe with a resonant filtering tech-

undesirable effects like notching, charge buildup, and radicafldue i qsec?.The ac measurement technique with a lock-in
compositior?~ amplifier is used, because it has the advantage of low output

fen9-11 ;
It is well known that the electron temperature increased 2S¢ The energy differencel) between the zero cross-

and the electron density decreases when a gas of higher iolt9 lptomt 3nd thg_lg)%?llé Ip 0,'[?: of the _EEDthtr:ndlcates s(;%nal
ization threshold energy is added, and vice versa. The ele uality ?2) _rella ' Ith. 1” VIS expe_rlr{]r:an ’ etenergy r'] h
tron temperature and other plasma parameters do not chan é;rz)cnestratless ?ﬁ;‘ ac?:n race o(fe\tlﬁg rl:ease \r,c\;?rzsenfase’ whic
linearly with the mixing ratio, especially when the mixed gas . uracy ot u :
) N Figure 1 shows the experimental results of the electron
has a very different threshold ionization energy or mass. o . . :
L : energy probability functiondEEPF$ change with various
Consequently it is difficult to predict the values of the elec- - 7
He mixing ratios in Ar/Hr plasma. The EEPFs show two
tron temperature and other plasma parameters versus the gas : : i
- : L .~ qemperature structures due to inelastic collisions and fast
mixing ratio. However, obtaining plasma parameters in a

: : e . lectron escape to the chamber wall. This two temperature
single gas system is not so difficult. They can be obtaine b P

; i Sepetpdieunian ith of publisheg>UCture is shown in other experimefits:
Jgtrg a simple experiment or from the wealth of publishe Though this non-Maxwellian EEPF structure may cause

. problems, EEPF is assumed to be Maxwellian generally in
This letter assumes that we know the electron temperay, ;4 modeling for simple calculatiol: ™18 In this letter we
ture when plasma is discharged by a single gas, ie., thglso assume Maxwellian EEPF with effective electron tem-

mixing ratio is 0% or 100%, and we try to analyze the elec-q a1 6T Note that the effective electron temperature in-
tron temperature when the mixing ratio is between 0% anQeases with the He mixing ratio, but it does not increase

100%. We propose a two-ion-species fluid model in comparijinearly with the He mixing ratio; instead, it varies abruptly
near k= Ppe/Pherar=1. We use a fluid model to analyze
dElectronic mail: bazarofe@kaist.ac.kr this electron temperature variation. Electron temperatures are
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FIG. 1. EEPFs variation as a function of tRe ratio in Ar/He plasma.

determined by equating the total particle loss to the total

volume ionization as follows:
KiTe) 1 1 R
Ug(Te) Ngder’ " 2 Rh+lhg’

where K;, is an ionization rate constantiz is the Bohm
velocity of ion, ng is the neutral densityR,| are the chamber
radius and length, respectively, ahd, hy are the ratios of
electron density at edge to electron density at centerdand
is an effective plasma size which is a function of the ion-
atom scattering cross section,® for argono; =10 *cn?
and o;=5x10"Scn?, o;=2x10 *cn? for He and Xe,
respectively’® In our experiment the electron temperature

D
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Ki=(1-x)K,+ kKg, 2
where subscripte denotes the value of, 8 denotes the
value of 8 and subscriptt denotes the sum of them; for
example, K, is the ionization rate constant af. When
EEDF is an isotropic Maxwellian distribution afid is much
smaller than the ionization threshold energy,( and exci-
tation threshold energye(,) of the neutral, it is possible to
approximateK;, as

2T
1+—
€iz

Ki(Te)=0ove &)

) e— €z /Te,

where v.=(8eT,/mm)Y?, oo=m(eldmeye,)?, and m is
electron mas¥’ Inserting Eq.(3) into Eq. (2), we obtain

e — €
e €izalTet KO gl

n

eiz,a

Kt=(1—K)0'a;_}(l+

Te

X| 1+

4

) e* EiZ,,B /Te’
€iz,p

whereo, ando g are o values ofa and .

If o* and B are the main ion species and the two ion
species have their own Bohm velocitieg ,= \T./M,,
Ug =\ Te/Myg, then we can define average Bohm velocity
Ug,avg as

©)

I'i=n,Ug ,+NgUg s=NiUg ayg

variation due to the variation afey; is at most a few percent. whereT, is the total ion loss rate to walls,, Ng.,Nn; are the

Thus in the letter, we assuntiy is constant. ion densities ofa ™, 8", and the sum of them at the sheath
Equation (1) describes the relations between electronedge, respectively.

temperature and ionization rate constant and Bohm velocity Each ion density is proportional to its ionization rate
when there are only one species of ions and neutral gas igonstant and its mixing ratio, then E@) can be reduced as

plasma. To determine the electron temperature using Bq.

in a two-or-more-ion-species system, the total ionization rate

constant and the Bohm velocity should be defined.

When the discharge gas consists of two gas speci@s
and their partial pressure ratio is-Ik:«, we can define the
total ionization rate constank() as

[(1- K)o (1+2Te/€,)e “a'Tet kap(1+2Tel€g)e™

(1-k)(1+2T /e, )e “eTeJ1M ,+ ko gl o, (1+ 2T/ €p)e
The rhs of Eq(7) is constant, and after inserting=0, Eq.
[(1-k)(1+2Tele,)e /et kopl o (1+ 2T/ eg)e 6/Te]?

(1= k)(1+2Te/e)e /et kaglo(1+2Teleg)e” 6/ TeyM /M 4

where Ty, is the electron temperature whex=0 or
Pue/Par+ne=0%. Insertingk=0 in Eq. (8), T. becomes
Tog- aﬁ/aa:(ealeﬁ)z; but we can obtain the value also
using Eq.(3) andK ,/u,=Kz/uz as

1+ 2T0,a/6a

M,
MB 1+2T0,ﬁ/6ﬁ
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g

)e_(_fu/TO,a_fﬁ/TO,ﬁ) (9)

a

_ (1_ K)Ka 4 KK,B
UB'avg_(l_ K)K+ kKpg UB.a (1=r)Ko+kKg Us.s-
(6)
Inserting Eqs(4) and(6) into Eq. (1), we obtain
Eﬁ/Te]Z 1 8 —12
rvel — - (7)
~<p/Te 1/M/3 ngdeﬁ m™m
(7) can be reduced as
2To,
= 1-‘,— eiealTO,a, (8)
Ea

where Ty, is the electron temperature whek=1 or
Pue/Par+ne=100%. Using Eq(9), T, becomesT, ; when
x=1. Finally, it is possible to obtain electron temperature as
a function ofx by using Egs(8) and(9). Figure 2 shows the
electron temperature variation as a function of the He ratio in
the Ar/He mixture plasma with a total pressure of 20 mTorr
and 600 W, where the solid line represents the calculated
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T T The EEDFs and electron temperatures as a function of

6t i the mixing ratios in Ar/He at 20 mTorr and Ar/Xe at 10
mTorr are measured using a compensated Langmuir probe.
5t A The electron temperatures do not change linearly with the He
and Xe mixing ratios, but electron temperature increases
’; 4r ] abruptly atk=1 in Ar/He plasma and it decreases rapidly
L nearx=0 in Ar/Xe plasma. It may be possible to say that
ﬁ 3r i electron temperature changes more effectively when the

mixed gas has a large ionization cross section and large mass
2+ ] due to its high ionization rate and slow Bohm velocity. Using
a two-ion-species fluid model, electron temperature variation
as a function of the mixing ratio can be calculated, which
agrees well with the experimental results. In this model we
assume EEDFs are Maxwellian amlz is constant. We
FIG. 2. Theoretical(solid line) and experimentalbroken ling result of think such assumptions cause the difference between calcu-
electron temperature as a function of #hg, ratio in Ar/He plasma. lated and measured electron temperature because measured
EEDFs show they are non-Maxwellian, adgk varies with
values using Eq(8), and the broken lines are experimental mixing ratio. We also neglect reactions between different ion
values. Though there is a small disagreement reat, the  species which may be another reason for the discrepancy.
calculated values agree well with the experimental valuesThis model may be used in a system with other gas mixtures.
Figure 3 shows the results of the Ar/Xe mixture. The electrorElectron density and plasma potential are also important
temperature decreases wikh and it decreases rapidly near plasma parameters for plasma processes. Though not shown
k=0. in this letter, the measured plasma potentials show similar
trends with electron temperatures, but electron densities
Q'a 0 show different trends and consequently more study is needed
to analyze these trends.
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