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Abstract Nitrogen dual-frequency capacitively coupled plasmas (DF-CCPs) with different fre-
quency configurations, i.e., 60/2 MHz and 60/13.56 MHz, are investigated by means of optical
emission spectroscopy (OES) and a floating double probe. The excited nitrogen molecule ion
N (B) is monitored by measuring the emission intensity of the (0,0) bandhead of the first neg-
ative system (FNS) at 391.44 nm. It is shown that in the discharge with 60/13.56 MHz, the
N emission intensity decreases with the increase in pressure. In the discharge with 60/2 MHz,
however, an abnormal enhancement of NJ emission at higher pressure is observed when a higher
power of 2 MHz is added. Variation in the ion density shows a similar dependence on the gas
pressure. This indicates that in the discharge with 60/2 MHz there is a mode transition from
the alpha to gamma type when a higher power of 2 MHz is added at high pressures. Combining
the measurements using OES and double probe, the influence of low frequency on the discharge
is investigated and the excitation route of the NJ (B) state in the discharge of 60/2 MHz is also
discussed.
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1 Introduction

Low pressure capacitively coupled discharges are
widely used in materials processing applications, such
as thin film deposition, dielectric etching and photore-
sist ashing in microelectronic engineering . With the
continuous reduction of the critical dimension in ultra-
large scale integrated (ULSI) circuits, dual-frequency
capacitively coupled plasmas (DF-CCPs) containing ni-
trogen and fluorocarbon gas 2~ were applied to the
etching of material, with low dielectric constant and
used as an insulating layer. In the etching process, the
behavior of ions could be of significant importance in
anisotropic etching and control of etching selectivity. In
previous studies, more attention was paid to the elec-
tron heating mechanism, bulk plasma and sheath prop-
erties by using analytic models or numerical simulation
techniques 5~

As a simple and noninvasive technique, OES is
widely applied in the diagnostics of low pressure
plasmas [®. From the recorded emission spectroscopy,
many plasma parameters, such as electron density and
temperature [°~12 could be obtained. In addition,
OES also shows versatility in monitoring the behav-

ior of ions or radicals which are of interest in plasma
processing. QAYYUM et al. studied the dependence
of excited N; and Ny states by measuring emission in-
tensities of the bandheads of the first negative and sec-
ond positive systems 3. By using OES in Ar/Ny mi-
crowave electron cyclotron resonance discharge, DING
et al. 14 studied the effect of gas flow ratio on emitting
radicals and the mechanical properties of silicon nitride
films. By a comparison of the measured and calculated
spectra, HUANG et al. studied frequency dependence
of Ny and N rotational and vibrational temperatures
in nitrogen capacitively coupled plasmas 12161, How-
ever, work on the ion behavior in nitrogen DF-CCPs
with different frequency configurations has rarely been
reported yet.

In this study, the behavior of nitrogen ions is studied
by means of OES and double probe in DF-CCPs with
two different frequency configurations, i.e., 60/2 MHz
and 60/13.56 MHz. It is found that in the nitrogen DF-
CCP with 60/2 MHz, an abnormal enhancement of the
emission at 391.44 nm occurs at higher pressure when a
higher power of 2 MHz is applied. With the ion density
measured by a double probe, the excitation mechanism
of the emitting N (B) state is also discussed.
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2 Experimental setup

A schematic diagram of the experimental setup is
shown in Fig. 1. The inner diameter of the reactor vac-
uum chamber is 300 mm and the diameters of the upper
and lower electrodes are 220 mm and 200 mm, respec-
tively. Gap distance between the two parallel electrodes
is kept at 45 mm. In the experiment, both the upper
and lower cylindrical electrodes are supplied by the ra-
dio frequency (RF) sources through an L-type matching
box, respectively. The upper electrode is connected to
the high frequency (HF) source of 60 MHz while the
lower one is powered by the low frequency (LF) source,
2 MHz or 13.56 MHz. A pure nitrogen gas (99.999%) is
introduced into the chamber via a mass flow controller.

HF source

Optical
emission [ "

Ispectroscopy

Probe system &
notebook computer]

Data acquisition

Fig.1 Schematic diagram of the DF-CCP experimental
setup

Recently, improved double probe methods and data
analysis techniques were developed for the diagnosis of
different kinds of plasma discharges [17~19) A complete
floating double probe technique is used in ion density
measurement in DF-CCPs with different frequency con-
figurations (2021, The double probe system is powered
by the notebook computer battery to avoid serious RF
perturbation, especially from the LF source of 2 MHz.
The probe consists of tungsten tips with a diameter of
0.2 mm and a length of 5 mm. For all measurements
the probe tip is located at the radial center of the dis-
charge chamber. The ion density is obtained from stan-
dard analysis of the double probe characteristics [22.
With the electron temperature taken from the slope of
the double probe I-V characteristic, the ion density n;
can be obtained from the ion saturation current I

Ng
ﬁ’ (1)
where e is the electron charge, ng is the plasma den-
sity at the sheath edge, up = (eT./M)'/? is the Bohm
velocity with M the ion mass and A is the probe tip
area.

An optical emission spectrometer (AvaSpec-2048FT-
8-RM) is used to measure the emission spectrum of the
nitrogen discharges. The wavelength resolution of the
spectrometer is 0.05 nm to 0.13 nm, with a range of
wavelength from 200 nm to 900 nm. During the whole
experiment, both the probe and OES fiber are fixed at
the same plane 2.5 cm below the upper electrode plane.

I; = engugA and n; =

3 Results and discussion

The emission spectra of the nitrogen DF-CCP dis-
charges is shown in Fig. 2, with 60/13.56 MHz and
60/2 MHz, as well as a HF and LF power of 100 W
and 50 W, respectively. For a simple comparison, the
intensities are normalized to the emission of the (1,4)
bandhead of the second positive system at 399.84 nm.
It can be seen that the intensity of the 391.44 nm emis-
sion, (0,0) band of the Nj FNS (B*}_7-X23"7), in the
discharge with 60/2 MHz is much higher than that with
60/13.56 MHz. In Fig. 3 a dependence of the emission
intensities at 391.44 nm on the pressure in DF-CCPs at
a fixed HF power of 100 W with different low frequen-
cies is shown. Regardless of the LF power, the emission
intensities decrease with the increase in pressure for the
discharge with 60/13.56 MHz. This dependence is sim-
ilar to that of the ion density, as will be shown below in
Fig. 4(a). The large collisional de-excitation cross sec-
tion of the radiative NJ (B) state may also contribute
to this decrease [?3l. Cases with 60/2 MHz DF-CCP
and lower LF power are similar. However, as a higher
power of 2 MHz is applied, there is a remarkable en-
hancement of the NJ emission intensity at 391.44 nm
for higher gas pressure.
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Fig.2 Emission spectra at power of 100/50 W and a gas
pressure of 20 Pa for (a) discharge with 60/13.56 MHz and
(b) discharge with 60/2 MHz. Intensity is normalized to the
emission line at 399.84 nm
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Fig.3 Intensity of (0,0) band of the N FNS at 391.44 nm
as a function of gas pressure for discharges with (a)
60/13.56 MHz and (b) 60/2 MHz and different LF power.
The HF power is kept at 100 W
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Fig.4 Ion density as a function of gas pressure for dis-
charges with (a) 60/13.56 MHz and (b) 60/2 MHz. The
conditions are the same as those in Fig. 3

In Fig. 4(a) nitrogen ion densities measured by dou-
ble probe in DF-CCPs with 60/13.56 MHz under con-
ditions identical to those in Fig. 3(a) are presented.
Since the density of the Nj (B) state is much lower
than that of NJ (X), the probe-measured ion density is
mainly contributed by N% (X). Compared to the emis-
sion intensity variation shown in Fig. 3(a), it can be
seen that there is a similar dependence of the ion den-
sity variation with pressure. In general, the electron
collision frequency increases with the increase in gas
pressure and neutral nitrogen molecule density. The
collisional energy loss per electron-ion pair generated,
E., increases with pressure and this leads to the de-
crease in ion density with pressure in the discharge with
60/13.56 MHz 1.

However, a substantial increase in the ion density
occurs in the discharge with 60/2 MHz at higher gas
pressure as larger LF power is applied, which is shown
in Fig. 4(b). For example, with pressure kept at 20 Pa,
the ion density increases from about 1x10% cm™3 to
1.6x10'° cm™3 as the 2 MHz power increases from
10 W to 50 W. This may be attributed to the enhanced
ionization near the LF powered electrode, which is a
result of stronger secondary electron emission (SEE)
induced by strong ion bombardment at higher pres-
sure [24:25],

In the RF capacitive discharge, with an increase in
RF voltage, there is a mode transition from the a to
v type [26~28] " Accompanied by this transition is an
abrupt increase in the plasma density 2% In the nitro-
gen gas RF capacitive discharges at intermediate pres-
sure, VIDAUD et al. observed the discharge mode tran-
sition from « to v type accompanied by an abrupt in-
crease in the molecular nitrogen ion emission %, which
is similar to that shown in Fig. 3. Similarly, different
modes also exist in low pressure hydrogen DF capaci-
tive discharges with 27/2 MHz. It is found that when
the LF voltage exceeds some critical value the DF dis-
charge turns from the first mode to the second one B,
In our discharge with 60/2 MHz a similar transition
could occur when a high LF power is applied at high
gas pressure.
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Generally for the same input power, the mean sheath
potential over the electrode for 2 MHz is higher than
that for 13.56 MHz. In addition, the ion energy dis-
tribution in DF-CCP with 2 MHz is also wider. Thus
in the DF discharge with 60/2 MHz, SEE induced by
energetic ion bombardment is stronger than that in
the discharge with 60/13.56 MHz. The effective mul-
tiplication of secondary electrons could contribute to
the nitrogen molecule ionization process, especially at
higher gas pressure. LISOVSKIY et al. also pointed
out that at lower pressure the near-electrode sheath is
not broken down and the sheaths serve as a source of
fast electrons 281, DONKO et al. 2% studied the effect
of secondary electrons on DF argon discharge by using
particle-in-cell simulation. When considering SEE in
the DF discharge, they found that the plasma density
and ion flux onto the electrode increase sharply with the
applied low frequency voltage at a high gas pressure. A
similar situation could be expected in our nitrogen plas-
mas with 60/2 MHz, especially at higher pressures and
higher LF power.

Based on the OES and probe measurement, the exci-
tation route of the N (B) state could be explained. For
a selected transition, the emission intensity is propor-
tional to the population density of the upper radiative
state. Therefore, an increase in the Nj FNS emission
at higher pressure in the discharge with 60/2 MHz indi-
cates the increase in density of NI (B). In low pressure
discharges, the N3 (B) state is essentially populated by

electronic excitation processes [12:13]
e + No(X) — 2e + N$(B), 2)
e+ NJ(X) — e+ Nf(B). (3)

For a given excited state, its population and de-
population processes will be balanced in a steady-state
discharge. The emission intensity of the FNS is con-
tributed by the two mechanisms, presented in Egs. (2)
and (3). In these two electron impact excitation pro-
cesses, a higher excitation rate coefficient means more
contribution to the generation of Nj (B) 2. The rate
coefficient of electron impact excitation is calculated as

k= /oo o(E) fn—Ef(E)dE, (4)
FEin e

where o, F and m, are cross sections of electron im-
pact excitation, electron kinetic energy and mass, re-
spectively %19 Eyy is the threshold energy for the
electronic excitation and f(FE) is the electron energy
distribution function (EEDF) which could be normal-
ized as [;° f(E)dE = 1.

Electron impact excitation cross sections of N3 (B)
from ground state nitrogen molecule No(X) and ground
state molecule ion Nj (X) are compiled by TABATA
et al. 32, The direct excitation threshold energy from
the No(X) to NJ (B) state is about 18.8 eV, much higher
than that from N3 (X), 3.17 eV. Moreover, the elec-
tronic excitation cross section of reaction (3) remains
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several times, or even an order of magnitude larger than
that of reaction (2), especially at lower electron energy.

With an electron temperature range of 1 eV to 7 eV
in typical low pressure RF discharges, the rate coef-
ficients of the two electronic excitation processes are
calculated according to Eq. (4). During the calculation,
the above cross sections are used and a Maxwellian elec-
tron distribution is assumed. It is shown in Fig. 5 that
both rate coefficients increase with the electron tem-
perature. For example, the rate coefficient of excitation
from N7 (X) to NJ (B) increases from 3.1x1072 cm?/s
at 1 eV to about 2.5x1078 cm3/s at 7 eV. While
the corresponding coefficient from No(X) to Nj (B)
increases from 6x107'8 cm®/s to about 2.2x1071°
cm?/s.  The former coefficient always keeps two or-
ders of magnitude higher than the latter one, even
at the high electron temperature limit. Though the
electron energy distribution often deviates from the
Maxwellian, the number of electrons with lower en-
ergy greatly exceeds those in the high energy tail of the
EEDF [24:33~35] " Thus the above discussion still holds
for a non-Maxwellian electron distribution.
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Fig.5 Dependence of the rate coefficients of two electronic
excitations on electron temperature

As is mentioned, the rate coefficient & of electronic
excitation from N7 (X) is much larger than that from
N2 (X). Thus considering the two excitation rate coef-
ficients together with the ion density measured by the
double probe, it can be concluded reasonably that the
increase in NJ (X) and then its subsequent electronic
excitation to NJ (B) account for the abnormal enhance-
ment of the N FNS emission.

4 Conclusion

The influence of different low frequencies on the N3
behavior in the nitrogen DF-CCPs with 60/2 MHz and
60/13.56 MHz is studied by using OES and a float-
ing double probe. In DF-CCP with 13.56 MHz as the
LF source, the Nj (B) emission at 391.44 nm decreases
with the increase in pressure. At higher pressure and a
higher power of 2 MHz, however, a substantial increase
in N FNS emission occurs. The probe-measured ni-
trogen molecule ion density shows a similar dependence

with that of the emission spectra. A remarkable en-
hancement of nitrogen molecule ion density in the dis-
charge with 60/2 MHz at higher pressure is attributed
to the stronger ionization of SEE which is induced by
energetic ion bombardment. An abrupt growth of the
ion density and the molecular ion emission indicates
the transition of the discharge from « to v type. The
enhancement of NJ FNS emission at a high gas pres-
sure is mainly through the electronic excitation of the
N3 (X) state when a higher LF power is applied in the
discharge with 60/2 MHz.
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