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Control and analysis of ion species in N 2 inductively coupled plasma
with inert gas mixing
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We control the ion density ratio of@N1#/@N2
1# 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 N2 /He,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 N2 /He,Ar, but there is a large discrepancy in the N2 /Xe discharge. The
non-Maxwellian structure of the electron energy distribution functions may be the reason for the
discrepancy. ©2002 American Institute of Physics.@DOI: 10.1063/1.1479452#
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The inductively coupled plasma~ICP!1–4 has attracted
much interest due to its ability to produce high dens
plasma in low pressure, and there have been numerou
vestigations of ions in ICP.5–7 Recently, there has been gre
interest in the N2 discharge due to its use in the synthesis
GaN and TiN film. In a pure N2 ICP, the dissociation rate i
small due to strong N–N bond strength,8 and Ar is mixed to
increase the dissociation rate.9 The ion density ratio of N2

1 to
N1 is also small in pure N2 discharge, and Y. Wanget al.and
Petrovet al. have reported that the ion ratio increases wh
Ar is mixed.10,11 The reactions of Ar metastable speci
(Ar* ) with N2

1 and N1 are considered to be the cause of t
increase in the ion ratio. However, N2

1 is still a dominant ion
like for the capacitively coupled plasma.

The ion ratio in the plasma is a function of the plasm
parameters. However, there have been few analysis, wit
using simulation, on the relation between the plasma par
eters and the ion ratio in the mixture of N2 and inert gases.

In this paper, we mix various inert gases~He, Ar, Xe! in
a N2 plasma to control the plasma parameters. We mea
the electron energy distribution functions~EEDFs! to obtain
plasma parameters and measure ion species~N2

1 , and N1!
using a commercial quadrupole mass spectrometer~Hiden
EQP! to analyze the relation between the plasma parame
as a function of mixing ratio. We also calculate the ion ra
using a simple model.

The ICP reactor used in this study is similar to that
Ref. 12. However, we modified the system slightly: We
moved the grid and stainless steel cylinder which holds
grid, and we set up a quadrupole mass spectrometer~QMS,
Hiden EQP! on the side wall of the chamber. We set
rf-compensated Langmuir probe13 at z516 cm and QMS at
z55 cm, wherez50 at the substrate, and measured the E
DFs @ f (e)#, effective electron temperatures@Teff5

2
3^e&#,

electron densities@ne5* f (e)de#, and plasma potentials
wheree is the electron energy. In this experiment, we fix t
total pressure at 10 mTorr in all cases. 13.56 MHz rf powe

a!Electronic mail: bazarofe@kaist.ac.kr
3900003-6951/2002/80(21)/3907/3/$19.00
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coupled to a single-turn copper coil around the pyrex cyl
der, and a matching network is used to eliminate the reflec
power. We use the ac measurement technique14–17 with a
lock-in amplifier, because it has the advantage of low out
noise. Ions enter the QMS after passing through the orifi
which is 100mm in diameter. We measure the ion ener
distributions~IEDs! using a QMS and obtain ion density b
integrating the IEDs.

Figure 1 shows the measured plasma parameters an
ion density ratio of@N1#/@N2

1# as a function of He mixing
ratio. The electron density is almost constant, but the e
tron temperature increases from 2.2 eV to 8 eV when He
mixed. Generally, the electron temperature is inversely p
portional to the ionization cross-section of discharge gas.
increase in the electron temperature with He mixing is due
the small cross-section of He. The electron temperatur
almost constant near a He mixing ratiok50, and it increases
rapidly neark51, wherek5PHe/PN21He is the mixing ra-

tion of He in N2 . The electron temperature increases in
similar way when He is mixed to Ar plasma.12 Compared to
N2 , He has a high ionization threshold energy, small ioni
tion cross-section, and small mass. Hence, when the He m
ing ratio is small, He is not ionized efficiently and the di
charge shows almost N2 plasma characteristics. The electro
temperature decreases more effectively when the mixed
has a high ionization threshold energy, large ionization cro
section and large mass due to its high ionization rate
slow Bohm velocity, and vice versa.12 Thus the electron tem
perature does not increase effectively by slight He mixin
On the contrary, slight N2 mixing to He plasma results in a
large decrease in the electron temperature.

The plasma potential and the ion ratio of@N1#/@N2
1#

increase in a similar way to the electron temperature. The
ratio of @N1#/@N2

1# increases from about 0.1 to 1.4.
Figure 2 shows the results when Ar is mixed. Convers

to the He mixed case, the electron density shows a la
increase~from about 73109 to 431010!, but the electron
temperature increases slightly~from 2.2 to 2.8 eV! with Ar
mixing. The ion ratio of@N1#/@N2

1# increases with the Ar
7 © 2002 American Institute of Physics
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3908 Appl. Phys. Lett., Vol. 80, No. 21, 27 May 2002 Bai et al.
mixing ratio. Similar results were reported in Ref. 10.
spite of the large increase of the electron density, the incre
rate of@N1#/@N2

1# is small, which suggests that@N1#/@N2
1#

is a strong function of the electron temperature rather t
the electron density in our experimental conditions.

Figure 3 shows the variation of the plasma parame
and @N1#/@N2

1# as a function of Xe mixing ratio. The elec
tron density increases in a similar trend to the Ar mixed ca
However, the increase rate is larger than in the N2 /Ar mix-
ture due to the larger ionization cross section of Xe. T
electron temperature decreases abruptly near a Xe mi
ratio of 0, but the decrease rate is small when the mix
ratio is large. As phenomenon is also shown in the Ar/
mixture, which results from the large ionization cross sect
and large mass of Xe.12 The ion ratio of@N1#/@N2

1# shows a
similar trend to that of the electron temperature. Unfor
nately, we can not measure the@N1#/@N2

1# when the Xe
mixing ratio is larger than 0.6 due to the small signal
@N1#.

The ion density is proportional to the creation rate a
inversely proportional to the loss rate of the ion. We assu
that N21e→N2

112e:15.6 eV, and N21e→N11N
12e:24.3 eV18 are the dominant creation processes of N2

1 ,
N1. N2 metastable species (N2* ) also contributes to the cre
ations of N2

1 , N1; however, the ratio of@N2* #/@N2# is usu-
ally small, and the above assumption is reasonable. Ano
assumption is that the dominant loss process of ions is
fusion to the chamber wall. Actually, there are many lo
reactions of N2

1 and N1: for N2
1 , N2

11e→N1N, N2
11e

→N2; for N1, N11e→N, N2
11N→N11N2. But, their

loss rate is smaller than wall loss rate by at least one ord19

We can express the each ion density as

FIG. 1. The measured plasma parameters.~a! electron density,~b! electron
temperature,~c! plasma potential, and~d! ion ratio of @N1#/@N2

1# as a func-
tion of He mixing ratio.
Downloaded 18 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract
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@N2
1#}

KN
2
1

uN
2
1

, and @N1#}
KN1

uN1
, ~1!

where subscript N2
1 and N1 denote the values of N2

1 and
N1; K andu are the ionization rate constant and the Boh
velocity, respectively.

We can describe the ionization rate constant of each
as

KN
2
15K0,N

2
1•e215.6/Te, and KN15K0,N1•e224.3/Te, ~2!

whereK0 is a constant which is a function of a cross sectio
From Eq. ~1! and Eq.~2!, we can express the ion densi
ratio of @N1#/@N2

1# as

@N1#/@N2
1#5Ce28.7/Te,

~3!

ln@N1#/@N2
1#528.7

1

Te
1C,

whereC is a constant and is a function of the mass ratio
N2

1 to N1, K0 , and effective plasma size.20 Figure 4 shows
that Eq.~3! agrees well with the experimental results in t
He and Ar mixture cases, but there is a large discrepanc
the N2 /Xe mixture. Generally, the EEDF shows a tw
temperature structure in inert gas discharge because inel
collisions occur only in the high energy range; but in m
lecular discharge, inelastic collisions occur in the entire
ergy range and the EEDF shows a near-Maxwellian str
ture. In the mixture of a molecular and inert gases, the EE
develops from a Maxwellian to two-temperature structu
with inert gas mixing ratios.21 Thus in N2 /Xe discharge, the
EEDF is a two-temperature structure and the tail tempera
~electron temperature in the high energy range! is lower than
the bulk temperature~electron temperature in the low energ
range!. When we calculate 1/Te in Fig. 4, we use the effec

FIG. 2. The measured plasma parameters.~a! electron density,~b! electron
temperature,~c! plasma potential, and~d! ion ratio of @N1#/@N2

1# as a func-
tion of Ar mixing ratio.
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3909Appl. Phys. Lett., Vol. 80, No. 21, 27 May 2002 Bai et al.
tive electron temperature (Teff52/3̂ e&) which is similar to
the bulk temperature, but the ionization reactions of N2

1 and
N1 occur in the high energy range. So, in N2 /Xe mixture,
1/Te in Fig. 4 is underestimated and, we believe, this c
explain the more rapid decrease in the@N1#/@N2

1# value. In
the N2 /Ar mixture, the EEDF is also a two-temperatu
structure; however, compared to Xe, the inelastic cross
tion of Ar is small and the EEDFs may be more Maxwelli
and the discrepancy between the measured and calcu
values of@N1#/@N2

1# is insignificant. Reactions between X
and two ion species also can be the reason for the r
decrease in@N1#/@N2

1#; however, we do not know the infor
mation about the reactions and more study is necessary

We measured the EEDFs and the ion density ratio
@N1#/@N2

1# in N2 /He,Ar,Xe mixture discharge as a functio
of mixing ratio to study the relations between the plas
parameters and the ion density ratio.@N1#/@N2

1# is a strong
function of the electron temperature, and the effect of
electron density is almost negligible in our experimental c
ditions. When He is mixed, the electron temperature
creases from 2.2 to 8 eV and the@N1#/@N2

1# increases from
0.1 to 1.4, but the electron density is almost constant.
N2 /Ar mixture, the increase rate in the electron temperat
is small. Though the electron density increases by a facto
5, @N1#/@N2

1# increases by a factor of 2. The electron te
perature and@N1#/@N2

1# decrease, but the electron dens
increases by about 30 times when Xe is mixed. We propo
simple model to calculate@N1#/@N2

1# as a function of the
electron temperature, and the calculated values agree
with the measured values in the He and Ar mixture cases,
there is a large discrepancy in the N2 /Xe mixture discharge.
The non-Maxwellian EEDF structure in N2 /Xe mixture may
be the reason for the discrepancy. Reactions between Xe
ion species may be another reason, but more study is ne

FIG. 3. The measured plasma parameters.~a! electron density,~b! electron
temperature,~c! plasma potential, and~d! ion ratio of @N1#/@N2

1# as a func-
tion of Xe mixing ratio.
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sary. The agreement in He and Ar mixture provides poten
support for the assumption that the EEDF is Maxwellian
this mixture system, which significantly simplifies models
discharge modeling. We think that the simple model su
gested in this paper to calculate@N1#/@N2

1# is useful in con-
trolling @N1#/@N2

1# in actual processing.
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