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The absolute density of the cyanogen fluoride ~FCN! molecule has been measured in a CHF3 /N2
electron-cyclotron-resonance ~ECR! plasma using infrared diode laser absorption spectroscopy. The
R(22) rotational-vibrational line at 1060.340 cm21 in the n 1 fundamental of 19F12C14N was used for
the spectroscopy. The extinction process of FCN in the afterglow was discussed on the basis of the
decay rate after discharge termination. Moreover, the absolute FCN density in a CHF3 ECR plasma
during etching of silicon nitride has been calculated on the basis of the data shown in our previous
study @K. Miyata et al., J. Vac. Sci. Technol. A 15, 568 ~1997!#. It was found that approximately
10% of nitrogen atoms coming from silicon nitride formed FCN. © 1997 American Institute of
Physics. @S0021-8979~97!03622-0#

I. INTRODUCTION

Infrared diode laser absorption spectroscopy ~IRLAS!
has been developed as a technique for measuring molecules
and radicals in process plasmas used for electronic device
fabrication. Molecules and radicals in process plasmas are of
crucial importance because the processes progress as they
react on wafers. The IRLAS measurement of CFx
(X51 – 3) radicals and CHF3 and CF4 molecules in fluorocarbon plasmas,1–3 SiH and SiH3 radicals and SiH4 molecules in silane plasmas,4,5 and CH3 radicals in methane and
methanol plasmas6 have been reported previously.
Si3N4 has been used as a passivation layer, a masking
layer for the local oxidation of silicon, and an etch stop layer
for the self-aligned contact structure. In these processes,
plasma-based etching using fluorocarbon gases has been
commonly employed to achieve anisotropic etching. Recently, high-density plasmas have attracted much attention
because they allow higher anisotropy than conventional plasmas do. However, high-density plasmas have a problem of
low selectivity. A high selectivity of Si3N4 to Si is required
for the local oxidation of silicon. On the other hand, a high
selectivity of SiO2 to Si and Si3N4 is required for the selfaligned contact process. Though etching of Si3N4 has been
studied intensively, the mechanisms of Si3N4 etching have
not been clarified sufficiently.
Knowledge of etch products is very helpful to clarify the
mechanism of the plasma-based etching. Quadrupole mass
spectrometry and optical spectroscopy have been applied to
the measurement of the products of Si3N4 etching in
fluorocarbon-based plasmas.7–9 It was reported that N2,
NFx , and CN are produced as a result of Si3N4 etching. In
our previous study, it was reported that cyanogen fluoride
~FCN! is the major etch product of Si3N4 in a CHF3 electroncyclotron-resonance ~ECR! plasma, and the FCN density
during the etching of Si3N4 has been estimated to be of the
order of 1011 – 1012 cm23. 10 However, the accuracy of the
a!
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estimate was insufficient for discussing the importance of
FCN.
In this study, the absolute FCN density was measured in
a CHF3 /N2 ECR plasma with a greater accuracy than that in
the previous study. The extinction of FCN in the afterglow
was discussed on the basis of the decay rate after discharge
termination. In addition, the importance of FCN as the etch
product of Si3N4 was also evaluated.
II. EXPERIMENT

Our experimental apparatus has been described
previously,10 and it is described briefly here. The reactor is
40 cm in diameter and 40 cm in height. A stainless substrate
plate is 9 cm in diameter. Two magnet coils were arranged
symmetrically and they provided a divergent magnetic field.
The ECR region of 875 G was at 15 cm above the substrate
plate. Continuous 2.45 GHz microwave power was introduced into the reactor from its top. In this study, no substrate
was loaded in the plasma and no bias voltage was applied to
the substrate plate ~which was grounded!; polymerization occurred on the substrate plate during the plasma discharges.
A White-type multiple reflection cell was installed in the
reactor. An infrared diode laser beam was introduced into the
cell and passed 40 times through the plasma. The beam was
located 1.5 cm above the substrate plate. The laser frequency
was scanned and the absorption signal due to FCN was detected by a mercury–cadmium–telluride infrared detector.
An infrared region from 1060.16 to 1060.38 cm21 was surveyed in this study. The laser beam was modulated at 400 Hz
with a mechanical light chopper and detected with a lock-in
amplifier. To estimate the FCN density, the spatial distribution of the FCN molecule was assumed to be uniform in the
White-type multiple reflection cell.
III. DESCRIPTION OF FCN MEASUREMENT

Figure 1 shows the infrared absorption spectrum for the
CHF3 /N2 ECR plasma in a wave-number range from
1060.16 to 1060.38 cm21. This measurement was carried out
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FIG. 2. FCN molecular density as a function of N2 flow rate. CHF3 flow
rate, pressure, and microwave power were 46 sccm, 0.4 Pa and 800 W,
respectively.

FIG. 1. Spectrum between 1060.16 and 1060.38 cm21. ~a! NH3 reference,
~b! 30-cm vacuum-spaced etalon, ~c! CHF3 /N2 ECR plasma. The condition
was a pressure of 0.4 Pa, a microwave power of 800 W, a flow rate of
CHF3 /N2 of 46/10 sccm.

at a total gas pressure 0.4 Pa, a microwave power 800 W,
and a CHF3 /N2 flow rate 46/10 sccm. The absorption spectrum of NH3 and the fringes of a 30-cm vacuum-spaced etalon, shown respectively in Figs. 1~a! and 1~b!, were used to
determine the wave number of the FCN absorption spectrum.
Several absorption lines attributed to FCN molecules were
found, and the strongest was the P~22! at 1060.340 cm21 in
the n 1 fundamental vibration of 19F12C14N. 11 For the other
absorption lines shown in the figure, the intensities were
smaller than that of P~22! and they were attributed to a hotband line and an isotope line. In this study, the P~22! line in
the n 1 fundamental of 19F12C14N was used to achieve a high
sensitivity.
The knowledge of absolute FCN density is essential for
a quantitative examination of the influence of FCN molecules. In this study, the FCN density was calculated on the
basis of the following equation:
N5 ~ 1/S !

E

I A~ n ! d n .

~1!

Here, N is the density of FCN, S is the line strength, and
I A ( n ) is the absorption coefficient obtained from the absorption intensity. To evaluate the integration, I A ( n ) was assumed to have a Doppler broadened line shape at a temperature of 300 K, which corresponded to the reactor wall
temperature. The line strength is given by
S5S b 3gA exp~ 2FhC / k B T ! /Q,
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~2!

where S b is the band strength, g is the statical weight, A is
the Hönl–London factor, F is the term value, T is the temperature of the FCN molecule, and Q is the partition function. The band strength for the n 1 transition of FCN has been
reported to be 60 km/mol.12 This value agrees well with the
value of 63 km/mol for the C–F stretching transition of the
CF radical.13 We used S b 560 km/mol, A50.5,
g52J11545, T5300 K, and Q5 k B T/hCB, where B is
the rotational constant for the transition.11 The FCN density
was calculated to be 331012 cm23 at a pressure of 0.4 Pa, a
microwave power of 800 W, and a CHF3 /N2 flow rate of
46/10 sccm. The sensitivity for the measurement is estimated
to be better than 231010 cm23, which corresponds to 1%
absorption in our experimental system.
IV. RESULTS AND DISCUSSION
A. Characterization of FCN molecules
in CHF3 /N2 ECR plasma

Figure 2 shows the FCN density as a function of the N2
flow rate at a pressure of 0.4 Pa, a microwave power of 800
W, and a CHF3 flow rate of 46 sccm. The FCN density
increased and was saturated slightly with increasing N2 flow
rate. The result shows that the production of FCN was limited by the N2 supply in the present condition. The FCN
molecule is considered to be produced through electronimpact dissociation of CHF3 and N2 molecules and reactions
between radicals such as CF and N. It is noted that with no
flow of N2 FCN was still proved to exist in the plasma. The
FCN density with no flow of N2 was estimated to be of the
order of 1010 cm23 and seemed unstable although this measurement might not be sufficiently accurate because the FCN
density was close to the detection limit. This observation
indicates that N2 was supplied to the plasma through small
air leak and/or desorption from the reactor walls to produce
FCN in the plasma.
To evaluate extinction processes of the FCN molecules
in the afterglow, the decay rate of the FCN density after the
discharge termination was measured at two pressures of 0.4
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that the extinction mainly occurs on the reactor walls at such
low pressures. There are many possible reactions of FCN
molecules, for example,

FIG. 3. Logarithm plot of the decay of FCN density in arbitrary unit. The
condition was a pressure of 0.4 Pa, microwave power of 800 W, flow rate of
CHF3 /N2 of 46/10 sccm.

and 1.3 Pa and three N2 flow rates of 5, 10, and 20 sccm. The
input flow rate of CHF3 gas and microwave power were
fixed at 46 sccm and 800 W, respectively. Figure 3 shows a
logarithmic plot of the decay of FCN density at a pressure
0.4 Pa and a N2 flow rate 20 sccm. The decay was almost
linear in the logarithmic plot. In the present condition, the
decay rate was 2.8 s21, which corresponded to the pumping
rate. Several measurements of the decay rate were carried out
and the results are summarized in Table I.
Even after the plasma termination, many particles have
possibilities to react with the FCN molecules because FCN is
known to be chemically unstable at room temperature. In
evaluation of the decay rates, therefore, removal processes
due to pumping and reactions should be taken into consideration. The net decay rate r N is given by
r N 5r P 1r R ,

~3!

where r P and r R are the pumping rate and the reaction rate,
respectively. From Table I, r R was less than 0.1 s21 at 0.4
Pa. In this case, the FCN molecules are considered to be
removed only by pumping. On the other hand, r R was in the
range between 0.17 and 0.5 s21 at 1.3 Pa, indicating that the
extinction reaction other than pumping occurred. It is noted

TABLE I. Decay rate of the FCN density after the plasma termination. The
pumping decay rate was calculated from the reactor geometry, flow rate, and
pressure. The reaction rate was calculated using Eq. ~3!.
Condition
Flow rate
(CHF3 /N2 sccm)
46/20
46/10
46/5
46/20
46/10
46/5

Decay rate
Pressure
~Pa!

Net
r N (s21)

Pumping
r P (s21)

Reaction
r R (s21)

0.4
0.4
0.4
1.3
1.3
1.3

2.8
2.4
2.2
1.4
1.1
0.83

2.8
2.4
2.2
0.86
0.73
0.66

<0.1
<0.1
<0.1
0.5
0.4
0.17
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FCN1CF2→CF3CN,

~4!

FCN1CHF3→CF3CN1HF,

~5!

where reaction ~4! is a termolecular reaction. It is noted that
CF2 radicals in reaction ~4! are produced in the plasma and
survive after the plasma termination due to its long
lifetime.14 The CF2 radical density has been reported to be of
the order of 1012 cm23 in CHF3 ECR plasmas.10 The FCN
removal reactions are enhanced with increasing pressure, that
is, increasing concentration of particles, such as CF2 and
CHF3. As shown in Table I. r R depended on the N2 flow
rates even at a constant pressure of 1.3 Pa since chemistry
changed with varying N2 flow rate. It has been reported that
FCN is hazardous, especially explosive in air mixture,15 and
probably noxious as other cyanides are. Under such low
pressure conditions, FCN is pumped out from the apparatus
as shown here. Therefore, all experiments where FCN is generated should be carried out with cautions.
B. Evaluation of FCN as etch products of Si3N4

The FCN measurement in a CHF3 ECR plasma has been
carried out during the etching of Si3N4 in our previous
study.10 It has been reported that the FCN density during the
Si3N4 etching was of the order of 1011 – 1012 cm23 under the
condition where Si3N4 with an area of 25 cm2 were etched at
a rate of 4.8 nm/s. However, the precise value of the FCN
density during the etching of Si3N4 has not been reported yet.
For the condition presented in the previous study, the FCN
density was derived to be 431011 cm23.
The nitrogen atoms were estimated to be fed at a rate of
731017 atoms/s from Si3N4 into the plasma via the etching
reaction. With the residence time of 0.5 s and the reactor
volume of 13105 cm3, the nitrogen atom density in the
plasma is estimated to be 431012 cm23. This estimation
leads to the conclusion that approximately 10% of the nitrogen atoms formed FCN molecules. It is evident that the FCN
molecule is one of the major products of etch reactions of
Si3N4.
V. CONCLUSIONS

Measurement of the FCN density in a CHF3 /N2 plasma
has been carried out by means of IRLAS. The absolute density of FCN was calculated to be 331012 cm23 in the
CHF3 /N2 ECR plasma at a pressure of 0.4 Pa, a microwave
power of 800 W, and a CHF3 /N2 flow rate of 46/10 sccm.
From the study of the FCN decay rate, it was found that the
FCN molecules were extinguished only by pumping at a low
pressure of 0.4 Pa while they were also extinguished by gasphase reactions under a high pressure of 1.3 Pa. The FCN
density during the etching of Si3N4 in the CHF3 ECR plasma
was calculated to be 431011 cm23. Since the FCN density
during the etching of Si3N4 is very large, FCN is expected to
be an major etch product of Si3N4. It has been shown that
IRLAS can be used for in situ monitoring of the absolute
Miyata et al.
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FCN density in the Si3N4 etching process. IRLAS has the
potential ability to detect various etch products. Therefore,
we expect that the IRLAS measurement is applicable to in
situ monitoring of etching processes for various materials as
well as Si3N4.
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