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We control the ion density ratio N * /[N ] and investigate the relation between the ion ratio and

the plasma parameters in inductively coupled plasma. We measure the electron energy distribution
functions and the ion ratio in a;MHe, Ar, Xe mixture system as a function of mixing ratio. We can
control the ion ratio from 0.002 to 1.4, and the ion ratio is a strong function of electron temperature.
We can calculate the ion ratio using a simple model, and the obtained results agree well with the
measured values in MHe,Ar, but there is a large discrepancy in thg/Me discharge. The
non-Maxwellian structure of the electron energy distribution functions may be the reason for the
discrepancy. ©2002 American Institute of Physic§DOI: 10.1063/1.1479452

The inductively coupled plasmdCP)'~* has attracted coupled to a single-turn copper coil around the pyrex cylin-
much interest due to its ability to produce high densityder, and a matching network is used to eliminate the reflected
plasma in low pressure, and there have been numerous ipower. We use the ac measurement techriftjdé with a
vestigations of ions in ICP.’ Recently, there has been great lock-in amplifier, because it has the advantage of low output
interest in the N discharge due to its use in the synthesis ofnoise. lons enter the QMS after passing through the orifice,
GaN and TiN film. In a pure MNICP, the dissociation rate is which is 100 um in diameter. We measure the ion energy
small due to strong N—N bond strendtand Ar is mixed to  distributions(IEDs) using a QMS and obtain ion density by
increase the dissociation rat@he ion density ratio of Bl to  integrating the IEDs.

N is also small in pure pdischarge, and Y. Waret al. and Figure 1 shows the measured plasma parameters and the
Petrovet al. have reported that the ion ratio increases wherion density ratio of N*]/[N; ] as a function of He mixing

Ar is mixed!®' The reactions of Ar metastable speciesratio. The electron density is almost constant, but the elec-
(Ar*) with N; and N" are considered to be the cause of thetron temperature increases from 2.2 eV to 8 eV when He is
increase in the ion ratio. HoweveryNs still a dominantion  mixed. Generally, the electron temperature is inversely pro-
like for the capacitively coupled plasma. portional to the ionization cross-section of discharge gas. The

The ion ratio in the plasma is a function of the plasmaincrease in the electron temperature with He mixing is due to
parameters. However, there have been few analysis, withotfie small cross-section of He. The electron temperature is
using simulation, on the relation between the plasma paranaimost constant near a He mixing rakie=0, and it increases
eters and the ion ratio in the mixture of,lnd inert gases. rapidly neark=1, wherex= Phe/ P, + He iS the mixing ra-

In this paper, we mix various inert gasg$e, Ar, X&) in  {jon of He in N,. The electron temperature increases in a
a N, plasma to control the plasma parameters. We measui§mijar way when He is mixed to Ar plasnfaCompared to
the electron energy distribution functioflSEDFS to obtain N,, He has a high ionization threshold energy, small ioniza-
plasma parameters and measure ion spedigs and'N*) tion cross-section, and small mass. Hence, when the He mix-
using a commercial quadrupole mass spectromgt&ien jng ratio is small, He is not ionized efficiently and the dis-
EQP to analyze the relation between the plasma parameteigarge shows almostNplasma characteristics. The electron
as a function of mixing ratio. We also calculate the ion ratiotemperature decreases more effectively when the mixed gas
using a simple model. o o _ has a high ionization threshold energy, large ionization cross-

The ICP reactor used in this study is similar to that ingection and large mass due to its high ionization rate and
Ref. 12. However, we modified the system slightly: We re-goy Bohm velocity, and vice verddThus the electron tem-
moved the grid and stainless steel cylinder which holds th‘?)erature does not increase effectively by slight He mixing.
grid, and we set up a quadrupole mass spectront@¥IS, o the contrary, slight Nmixing to He plasma results in a
Hiden EQP on the side wall of the chamber. We set an large decrease in the electron temperature.
rf-compensated Langmuir probieat z=16 cm and QMS at The plasma potential and the ion ratio [df* J/[N ]
z=5cm, wherez=0 at the substrate, and measured the EEjncrease in a similar way to the electron temperature. The ion
DFs [f(e)], effective electron temperatureSTes=%e€)],  ratio of [N*]/[N; ] increases from about 0.1 to 1.4.
electron densitiefn.=/f(e)de], and plasma potentials, Figure 2 shows the results when Ar is mixed. Conversely
wheree is the electron energy. In this experiment, we fix theéiy the He mixed case, the electron density shows a large
total pressure at 10 mTorr in all cases. 13.56 MHz rf power isincrease(from about 7 10° to 4Xx10Y), but the electron
temperature increases slightfirom 2.2 to 2.8 eV with Ar
dElectronic mail: bazarofe@kaist.ac.kr mixing. The ion ratio 0f[N+]/[N;] increases with the Ar
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FIG. 2. The measured plasma paramet@selectron density(b) electron
FIG. 1. The measured plasma paramet@selectron density(b) electron  temperature(c) plasma potential, angt) ion ratio of[N*]/[N; ] as a func-
temperature(c) plasma potential, an@) ion ratio of[N*]/[N3] as a func-  tion of Ar mixing ratio.
tion of He mixing ratio.

KNJr K
mixing ratio. Similar results were reported in Ref. 10. In [Ng]uu—i, and [N*]e
spite of the large increase of the electron density, the increase Np

rate of[N"]/[N; ] is small, which suggests theN"1/[N;]  where subscript §l and N* denote the values of N and
is a strong function of the electron temperature rather tham*: K andu are the ionization rate constant and the Bohm
the electron density in our experimental conditions. velocity, respectively.
Figure 3 shows the variation of the plasma parameters \We can describe the ionization rate constant of each ion

and[N"]/[N, ] as a function of Xe mixing ratio. The elec- as
tron density increases in a similar trend to the Ar mixed case. KN2+: KO,N2+ e
However, the increase rate is larger than in thd At mix- ) o ) i
ture due to the larger ionization cross section of Xe. ThevhereKg is a constant which is a function ofacrloss sectlion.
electron temperature decreases abruptly near a Xe mixing'®M Eq.(+1) and Eq.(2), we can express the ion density
ratio of 0, but the decrease rate is small when the mixindatIo of [N"J/[Nz ] as
ratio is large. As phenomenon is also shown in the Ar/Xe [N+]/[N;]:Ce_8'7n—e,
mixture, which results from the large ionization cross section 3)
and large mass of X¥.The ion ratio 0f[N+]/[N5’] shows a IN[N*J/[NS]=—8 7i+C

- 2 . ’
similar trend to that of the electron temperature. Unfortu- Te

nately, we can not measure thal*]/[N; ] when the Xe \yhereC is a constant and is a function of the mass ratio of
mixing ratio is larger than 0.6 due to the small signal ofN2+ to N*, Ko, and effective plasma siZ8 Figure 4 shows
[N7]. _ o _ _ that Eq.(3) agrees well with the experimental results in the
The ion density is proportional to the creation rate andye and Ar mixture cases, but there is a large discrepancy in
inversely proportional to the loss rate of the ion. We assumepe N,/Xe mixture. Generally, the EEDF shows a two-
that N,+e—N,+2e:15.6eV, and MN+e—N"+N  temperature structure in inert gas discharge because inelastic
+2e:24.3 E\}B are the dominant creation processes gf,N collisions occur 0n|y in the h|gh energy range; but in mo-
N™. N, metastable species gl) also contributes to the cre- |ecular discharge, inelastic collisions occur in the entire en-
ations of N', N*; however, the ratio of N3 J/[N,] is usu-  ergy range and the EEDF shows a near-Maxwellian struc-
ally small, and the above assumption is reasonable. Anothegre. In the mixture of a molecular and inert gases, the EEDF
assumption is that the dominant loss process of ions is difdevelops from a Maxwellian to two-temperature structure
fusion to the chamber wall. Actually, there are many losswith inert gas mixing ratioé! Thus in N,/Xe discharge, the
reactions of N and N': for Ny, Ny +e—N+N, N; +e  EEDF is a two-temperature structure and the tail temperature
—N,; for N*, N*+e—N, Ny +N—N*"+N,. But, their (electron temperature in the high energy rarigdower than
loss rate is smaller than wall loss rate by at least one dfder. the bulk temperaturélectron temperature in the low energy
We can express the each ion density as range. When we calculate T, in Fig. 4, we use the effec-
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0 sary. The agreement in He and Ar mixture provides potential
support for the assumption that the EEDF is Maxwellian in
0.0 05 o %% 0.5 10 this mixture system, which significantly simplifies models in
PPy v xe P./Py s xe discharge modeling. We think that the simple model sug-

gested in this paper to calculdts ™ ]/[N5 ] is useful in con-

FIG. 3. The measured plasma paramet@selectron density(b) electron trolling [N+]/[N;] in actual processing.
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