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Amorphous fluorinated silicon nitride films have been deposited with the variation
of NF3 flow rate using SiH4 , N2 , Ar, and NF3 gases by inductively coupled plasma
enhanced chemical vapor deposition for the first time, and the absolute composition,
oxidation mechanism, and optical properties were investigated. The absolute composition
including hydrogen was performed by means of elastic recoil detection time of flight.
It was found that the oxygen and fluorine contents in the film dramatically increased,
but the hydrogen content decreased to below 4 at.% as the NF3 flow rate increased.
The oxidation mechanism could be explained in terms of the incorporation of the
activated residual oxygen species in the chamber into the film with unstable open
structure by the fluorine-added plasma. It was shown that the density and optical
properties such as refractive index, absorption coefficient, and optical energy gap
depended on the film composition. The variations of the above properties for fluorinated
silicon nitride film could be interpreted by the contents of fluorine and oxygen with
high electronegativity.

I. INTRODUCTION

Many studies of the silicon nitride films in microelectronics have been made for applications such as a
passivation layer, intermetal dielectric, and gate insulator
for semiconductor technology. Although these films are
called silicon nitride, they are not stoichiometric compound Si3 N4 but amorphous hydrogenated silicon nitride
(a-SiNx : H) films. Conventionally, a-SiNx : H films are
prepared at a relatively low temperature of 300 ±C by
plasma enhanced chemical vapor deposition (PECVD)
using SiH4yNH3 or SiH4yNH3yN2 gas mixtures. These
films usually contain as much as 25–35% of hydrogen1
which is incorporated in the network structure in the
form of Si–H and N–H bonds. The impurities can
produce localized states in the band gap of the dielectrics
which are electrically active as deep trapping or recombination centers. Therefore, these a-SiNx : H films exhibit
inferior electrical properties as well as poor resistance to
chemical attack.
Many attempts have been made to optimize the
hydrogen content and the local bonding configurations
in a-SiNx : H films.2–5 Among the studies, one approach
is to substitute the stronger Si–F bond (116 kcalymol)
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for the weaker Si–H bond (71.4 kcalymol)6 in the network using fluorine-added source. Since the amorphous
fluorinated silicon nitride (a-SiNx : F) film exhibits better
resistance against hydrogen diffusion, better electrical
properties, and higher thermal stability compared to
amorphous silicon nitride film, it could be a substitute
of SiNx film.2–4 Moreover, the applicability as a bottom
antireflective layer (BARL) in quarter-micron optical
lithography was already revealed by controlling film
thickness and optical constants such as refractive index
and extinction coefficient.7
In this study, an inductively coupled plasma
(ICP)8 enhanced CVD system, as a kind of remote
PECVD type producing high plasma density of typically
1011 –1012 ionsycm3 , was adopted for the first time for
fabricating the SiNx : F films using SiH4 , N2 , Ar, and
NF3 gases. Conventional fluorine-free silicon nitride
film was also fabricated and was used as a reference.
This system can offer easy composition control as well
as a considerable reduction in surface damage imposed
on the substrate and can reduce the content of impuritylike hydrogen compared to conventional parallel
PECVD.9
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Accurate composition analysis should be preceded
to comprehend the film properties. However, there have
been no methods to perform the absolute quantitative
analysis for the light elements such as N, O, F, and
H of below atomic number 10. Especially, in the case
of hydrogen, it has been the only way to use the area
of the Fourier transform infrared (FTIR) absorption of
the Si–H and N–H peaks (near 2200 and 3360 cm21 ,
respectively) by the Lanford model,10 but applying this
method is tenuous and may tend to overestimate the
hydrogen content. In this paper, the elastic recoil detection time of flight (ERD-TOF) technique for absolute
quantitative analysis including hydrogen of the fluorinated silicon nitride films will be presented. Then,
the variations of the film optical properties such as
the refractive index° snd,¢ absorption coefficient sad, and
optical energy gap Eopt will be interpreted with the film
composition obtained by this new powerful technique. It
has been reported that the SiNx : F films with fluorine
above 10 at.% are unstable when exposed to air.4 The
presence of fluorine in these films has been believed
to induce hydrolysis leading to oxygen incorporation.4,11
However, another oxidation mechanism for the films
deposited here will be discussed.

FIG. 1. A schematic diagram of ICP enhanced CVD system.

TABLE I. Deposition conditions of fluorinated silicon nitride film.

II. EXPERIMENTAL DETAILS

The fluorinated silicon nitride films were fabricated
using ICP enhanced CVD system, and a schematic
diagram of this system for the deposition is shown
in Fig. 1. ICP source uses RF coil around the plasma
chamber to couple power inductively to the plasma
through the alumina chamber wall. The films were
deposited on p-type (100) Si and fused silica substrates
simultaneously using SiH4 , N2 , Ar, and NF3 gases. In
order to reduce the hydrogen content in the film, N2
gas was used instead of NH3 as a nitrogen source.
As presented in Fig. 1, the N2 , Ar, and NF3 gases
are fed from a showerhead being in the center of the
water-cooled flange into the plasma chamber, and SiH4
gas is directly introduced into the reaction chamber
through a gas ring. These gases were fed after the
chamber, and lines were evacuated to the base pressure
of 3 mTorr, which was the minimum pressure available
in this study because only a rotary pump with the
capacity of 1000 lymin was used, and the film deposition
was done under the pressure of about 250 mTorr by
controlling the auto pressure controller (APC) valve. The
activated gases formed the fluorinated silicon nitride film
on the substrates located on a susceptor which could be
rotated, moved up/down, and heated up to a maximum
700 ±C by a resistant heater. The deposition conditions
are listed in Table I.
The compositional analysis of the films deposited
on Si substrate was performed by the ERD-TOF method
996

Substrate
Base pressure
Working pressure
RF power
Deposition temperature
NF3 flow rate
[SiH4 : N2 : Ar 
2 : 15 : 150 (sccm)]
Film thickness

p-type (100) Si and fused silica
3 mTorr
About 250 mTorr
250 W
300 ±C on Si, 250 ±C on fused silica
0, 0.5, 0.75, 1, 1.5, 2 sccm

About 90 – 100 nm on Si
About 110 – 120 nm on fused silica

using the 35 Cl15 ion of an acceleration energy of
9.622 MeV as an incident beam. This measurement
technique is two-dimensional detection measuring the
flight time as well as the energy of recoiled elements and
is a powerful method in analyzing absolute composition
of light elements including hydrogen below atomic
number 10 when compared to conventional Rutherford
backscattering spectroscope (RBS). The film density
could be calculated with total atom numbers recoiled
from the whole film thickness per cm2 and measured
film thickness. The oxidation mechanism of the film
was investigated using an Auger electron spectroscope
(AES) depth profile for the structure of SiNxySiNx : FySi
substrate. In AES detection, the electron acceleration
voltage and the current were 5 kV and 300 nA,
respectively, and Ar sputtering voltage and current
density were 3 kV and 250 mAycm2 , respectively. The
refractive index at the wavelength of 633 nm and the
thickness for the film deposited on Si substrate were
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evaluated by an ellipsometer. The thickness of the
film deposited on fused silica substrate was measured
with a-step. The transmittance and reflectance of the
films deposited on fused silica substrate were measured
using a Shimadzu UV-3101 PC UV-VIS-NIR scanning
spectrophotometer, and the absorption coefficient and
optical energy gap were calculated from this data and
film thickness.

III. RESULTS AND DISCUSSION
A. Absolute composition; ERD-TOF analysis

The thin film x-ray diffraction (TFXRD) analysis
showed that all deposited films had x-ray amorphous
phases. The variation of absolute composition of the
films deposited on Si substrate with NF3 flow rate was
analyzed using an ERD-TOF method. Figures 2(a) and
2(b) show the energy versus flight time spectra for
the films deposited using NF3 flow rates of 0.5 sccm
and 1.5 sccm, respectively. The oxygen and fluorine
signals increase as the NF3 flow rate increases from
0.5 sccm to 1.5 sccm. That is, the oxygen incorporation
is enhanced together with increasing fluorine content in
the films. Even though neither oxygen gas nor precursor
containing oxygen was used in the deposition, oxygen
was detected in the spectrum. This phenomenon will be
discussed in the next section. From the energy versus
time spectra, each element can be converted to the energy
axis without overlapping between light elements. With
the count height designated as a line fit in energy versus
count spectrum, the absolute quantitative analysis could
be done in a similar way to RBS. Figure 3 represents
the composition variation for each element of the films
deposited at different NF3 flow rates. Most of the films
are Si-rich phases. As the NF3 flow rate increases from
0.5 sccm to 2 sccm, the oxygen and fluorine contents in
the film increase up to 22.4 at.% and 11.2 at.%, respectively, while the hydrogen content decreases to below
4 at.%. The hydrogen content decreases due to the active
decomposition of SiH4 gas and the active formation of
HF by-product with increasing NF3 flow rate.2
The variation of the densities of the SiNx : F films
with NF3 flow rates obtained from ERD-TOF analysis
and film thickness measurement is shown in Fig. 4. The
density of the SiNx : F film decreases from 2.32 gycm3 to
2.07 gycm3 by the decrease of silicon content with relatively heavy mass, which compares with 1.5–2.8 gycm3
for other fluorinated silicon nitride films prepared by
PECVD.3,11 The density of the SiNx : F film is significantly lower than that of the conventional high temperature thermal CVD Si3 N4 , which is about 3.24 gycm3 .
However, it is comparable with that of the fluorinefree normal SiNx : H film deposited here, which is about
2.31 gycm3 .

FIG. 2. Energy versus time spectra by ERD-TOF of fluorinated
silicon nitride films deposited at 250 mTorr, 250 W, 300 ±C,
SiH4 : N2 : Ar  2 : 15 : 150 (sccm) and NF3 flow rates of (a) 0.5 sccm
and (b) 1.5 sccm.

B. Oxidation mechanism

It has been reported that the oxygen incorporation in
the film could be explained by the hydrolysis mechanism
of the fluorine-contained films.11–13 According to the
study of Sanchez et al.,11,13 under the 80% moisture
atmosphere, the film with high fluorine content as
[–SiF2 –]n presents an open structure which favors the
penetration of water and oxygen molecules into the
network. Although the [–SiF2 –]n chain concentration is
initially stable due to the structural characteristics, it
gradually produces silicon oxide and ammonium hexafluorsilicate [(NH4 )2 SiF6 ], which is the decomposed

J. Mater. Res., Vol. 14, No. 3, Mar 1999

997

B-H. Jun et al.: Composition, oxidation, and optical properties of fluorinated silicon nitride film by ICP enhanced CVD

FIG. 3. Composition variation with the NF3 flow rate of fluorinated
silicon nitride film using ERD-TOF [250 mTorr, 250 W, 300 ±C, and
SiH4 : N2 : Ar  2 : 15 : 150 (sccm)].

(max. 11.2 at.% F) with NySi , 0.92, the films kept a
stable state for a long time. This was confirmed by the
fact that the values of the refractive indices and thicknesses of the films exposed to air for above six months
were maintained to be constant. Still more, any complete
oxidation for all films deposited in this study did not
occur. As shown in Fig. 3, the continuous increase of
oxygen content in the film with increasing NF3 flow rate
is detected.
In order to examine the possible cause of oxygen
incorporation in the film, the silicon nitride film as a
passivation layer was in situ deposited on the fluorinated
silicon nitride film prepared with relatively high
NF3 flow rate under the condition of 250 mTorr,
250 W, 300 ±C, and SiH4 : N2 : (NF3 ) : Ar=2 : 15 : (1.5) :
150 (sccm). And then, AES depth analysis was performed for the SiNx (150 nm)ySiNx : F (90 nm)ySi
substrate. Figure 5 shows AES depth profile magnified
for carbon, oxygen, and fluorine elements. This indicates
the peak-to-peak intensity obtained from AES spectra
with the film depth, which cannot represent the absolute
contents of the elements. When compared to absolute
contents of O and F elements in Fig. 3, it seems that the
content of oxygen is much higher than that of fluorine.
Generally, in Ar sputtering of AES depth analysis, it is
well known that the fluorine element is more volatile
than the oxygen element due to the difference of bond
strengths (see Table II6 ). Therefore, the fluorine content
coming into the AES detector after Ar sputtering is
relatively lower than real value when compared to
oxygen. On the other hand, the result of Fig. 3 obtained
by ERD-TOF measurement means absolute composition
with little content loss in detection. As shown in Fig. 5,
the oxygen is incorporated in the only SiNx : F film

FIG. 4. Film density variation with the NF3 flow rate of fluorinated silicon nitride film [250 mTorr, 250 W, 300 ±C, and
SiH4 : N2 : Ar  2 : 15 : 150 (sccm)].

form of the additional compound at humid condition
for a long time. Also, Livengood et al.4 reported that
the fluorinated silicon nitride film containing fluorine
greater than 10 at.% in the film was almost completely
oxidized after air exposure for four months. The films
showing atomic ratio FySi . 0.5 with NySi , 1.1 are
oxidized in air atmosphere and water as observed by
Chang et al.12
Although the fluorinated silicon nitride films prepared in this study had the atomic ratio of FySi , 0.3
998

FIG. 5. AES depth profile for SiNx (150 nm)ySiNx : F(90 nm)ySi
structure in situ deposited at 250 mTorr, 250 W, 300 ±C, and
SiH4 : N2 : (NF3 ) : Ar  2 : 15 : (1.5) : 150 (sccm).
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region. This observation tells us that the oxidation of
the films occurs not by the hydrolysis but by the effect
of fluorine-added plasma in the deposition chamber. It
seems that the activated residual oxygen species in the
deposition chamber due to using only rotary pump are
incorporated into the film with the open structure due to
the fluorine element. This was certified by the fact that
the refractive index of the film prepared at 250 mTorr,
250 W, 300 ±C, SiH4 : N2 : Ar  2 : 15 : 150 (sccm) and
very high NF3 flow rate of 5 sccm was 1.46, which
was similar to that of silicon dioxide film, and AES
analysis showed the film consisted of mostly Si and O
with small F.
The activated oxygen species take part in the deposition and combine with Si element. As shown in
Table II, the bond strength of Si–O in the film is
stronger than those of N–O and F–O and is the largest
compared to Si–N and Si–F. On the other hand, the
bond strength of Si–F is much higher than those of
N–F or O–F. Therefore, most oxygen and fluorine
atoms may exist in the forms of Si–O and Si–F bonds
rather than being bonded to nitrogen. These bonding
configurations of fluorine-contained silicon nitride film
were already revealed by FTIR studies.5,12,13 Therefore,
the open structure of [–SiF2 –]n in the SiNx : F film can
be filled and stabilized by the oxygen element during
the plasma deposition, and the films keep stabilizing
after air exposure.
C. Deposition rate and refractive index

The deposition rate and refractive index at the wavelength of 633 nm of the films deposited at various NF3
flow rates in the range of 0–2 sccm are shown in Fig. 6.
As the NF3 flow rate increases, the deposition rate
increases continuously from 37 Åymin (NF3 : 0 sccm) to
88 Åymin (NF3 : 2 sccm). Generally, the deposition rate
significantly increases with the addition of the NF3 gas
compared to the case of silicon nitride film. It seems that
the reaction between activated species by the addition of
NF3 gas occurs more actively.
The refractive indices of fluorinated silicon nitride
films decrease from 2.21 to 1.62 consistently by the
increase of oxygen and fluorine contents with increasing
the NF3 flow rate from 0.5 to 2 sccm. The refractive
index at the wavelength of 633 nm of the conventional
amorphous Si3 N4 film is about 2.02, but the value
(2.5) observed for silicon nitride film (NF3 : 0 sccm) in
this study is relatively high due to Si-rich phase as
mentioned in the composition analysis. The refractive
TABLE II. Bond strengths between each element (kcalymol).
Si – N
Si – F
Si – O

105
116
184

N–F
O–F
O–N

62.6
56
150.8

H – Si
H–N
H–F

71.4
75
136

FIG. 6. Effect of NF3 flow rate on the deposition rate and refractive
index of fluorinated silicon nitride film [250 mTorr, 250 W, 300 ±C,
and SiH4 : N2 : Ar  2 : 15 : 150 (sccm)].

index is related to the electronic polarization of the
atom or ion which is proportional to the atomic or ionic
volume.14 The electronegativity values of the fluorine
and oxygen atoms are greater than that of nitrogen. [cf.
Electronegativity (Pauling value): Si  1.9, N  3.04,
O  3.44, F  3.98]. The greater electronegativities of
both fluorine and oxygen give rise to lower ionic volume,
and then cause lower polarizability.14 Thus, the refractive
index decreases due to the increase of the contents of
oxygen and fluorine with high electronegativity.
D. Absorption coefficient and optical energy gap

The effect of NF3 flow rate on the optical properties
such as absorption coefficient and optical energy gap
is investigated for the films deposited on fused silica
substrate. Although the deposition temperature and film
thickness are dependent on the substrate as mentioned in
Table I, it was verified by ERD-TOF measurement that
a film composition on fused silica substrate was almost
the same as that on Si substrate prepared together.
Based on the transmittance and reflectance data, the
absorption coefficient sad as a function of the wavelength can be obtained by the following equation:
T  s1 2 Rd2 exp s2add ,

(1)

where the T and R are the transmittance and reflectance,
respectively, and d is the film thickness. In the high
absorption portion of the uv absorption edge, the absorption coefficient for amorphous semiconductors is found
to obey the following relation suggested by Mott and
Davis15 :
¢n
°
ahn  B hn 2 Eopt ,
(2)
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where B is constant, hn is the photon energy, and Eopt is
optical energy gap. Mott and Davis proposed that most
amorphous semiconductors have allowed direct transitions, and n in Eq. (2) is 2, as also proposed by Tauc16
under the assumption of parabolic bands. The optical
energy gap sEopt d values are obtained from Eq. (2) by
extrapolation of the linear parts of the sahnd1/2 versus
hn curves to sahnd1/2  0.
Figure 7 shows the optical absorption spectra of
the SiNx : F films deposited at the various NF3 flow
rates. As the NF3 flow rate increases, the absorption
edge shifts to shorter wavelength since the electron
transition in the band gap is more difficult due to the
increase of the contents of oxygen and fluorine ions
with high electronegativity. Thus, it is expected that
the optical energy gap grows with the increment of
NF3 flow rate. The variation of the film optical energy
gaps with the NF3 flow rates obtained from Eq. (2) is
shown in Fig. 8. As the NF3 flow rate increases from
0.5 sccm to 2 sccm, the Eopt increases from 2.8 to 5.7 eV
continuously as expected. For reference, the Eopt values
of amorphous SiNx , SiOx Ny films, and SiNx : F films are
in the ranges of 2.5–5.6 eV2,17 and 4.9–5.6 eV,5,12,17
respectively, depending on the composition.

FIG. 8. Effect of NF3 flow rate on the optical energy gap of fluorinated silicon nitride film [fused silica substrate, 250 mTorr, 250 W,
250 ±C, and SiH4 : N2 : Ar  2 : 15 : 150 (sccm)].

IV. CONCLUSIONS

The amorphous fluorinated silicon nitride thin films
have been fabricated on Si and fused silica substrates
using SiH4 , N2 , Ar, and NF3 gases by ICP enhanced
CVD process, and the effect of NF3 flow rate on the
absolute composition, oxidation mechanism, and optical
properties was investigated. The absolute quantitative
analysis for all elements in the films was performed by

FIG. 7. Effect of NF3 flow rate on the absorption coefficient as a
function of wavelength of fluorinated silicon nitride film [fused silica
substrate, 250 mTorr, 250 W, 250 ±C, and SiH4 : N2 : Ar  2 : 15 : 150
(sccm)].
1000

ERD-TOF measurement. As the NF3 flow rate increases
from 0.5 sccm to 2 sccm, the fluorine content in the
film continuously increases, but the hydrogen content
decreases to below 4 at.%. Extraordinarily, although the
oxygen gas is not fed, the oxygen content in the film
dramatically increases to 22 at.% with the increase of
NF3 flow rate. It was proved by in situ deposition of
SiNx film on SiNx : F film deposited with a relatively high
NF3 flow rate of 1.5 sccm that the oxidation was due to
the incorporation of the residual oxygen species into the
film with unstable open structure by the fluorine-added
plasma.
These oxygen and fluorine have higher electronegativities among the constituent elements, and thus it has
great influence on the film properties. The density of
the SiNx : F film decreases from 2.32 to 2.07 gycm3 with
the decrease of silicon content by increasing the NF3
flow rate from 0.5 to 2 sccm. The refractive index at
the wavelength of 633 nm decreases from 2.21 to 1.62
consistently because of the increase of the contents of
oxygen and fluorine with high electronegativity. Based
on the transmittance and reflectance data of the films
deposited on fused silica substrate, the absorption coefficient as a function of the wavelength for the various
NF3 flow rates was calculated, and then the optical
energy gap was obtained. As the NF3 flow rate increases
0.5 to 2 sccm, the absorption edges occur at shorter
wavelengths, and thus Eopt increases with wide range
from 2.8 to 5.7 eV continuously due to the weak band
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gap transition of electron by increasing the contents of
oxygen and fluorine elements.
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