Annealing Effects in Hydrogenated Silicon Nitride
Films during High Energy Ion Beam Irradiation
Joong-Whan Lee, *'~ Sang-Hwan Lee,~ Hyung-Joun Yoo,~ Mu-Shik Jhon,s and Ryong Ryoob
~
Section, Semiconductor Division, ETRI, Yusong, Taejon 305-600, Korea
bDepartment of Chemistry and Center for Molecular Science, KAIST, Taeduk Science Town, Taejon 305-701, Korea
ABSTRACT
The annealing effects during energy recoil detection (ERD) analysis on the structure of hydrogenated silicon nitride
film have been investigated by using Fourier transform infrared (FTIR) spectroscopy. Hydrogenated silicon nitride films
were prepared by plasma enhanced chemical vapor deposition with various substrate temperatures. A 2.5 MeV 4He++ ion
beam was irradiated onto the film in a vacuum chamber at room temperature. The ERD signal was measured after various
ion doses in order to determine the loss of hydrogen counts induced by the ion beam. The IR absorption spectrum was
obtained in order to follow the film structural change which occurred due to the ion beam. The films deposited at 200 and
300~ show a significant decrease in the ERD count with increasing ion beam dose, while the film deposited at 400~ shows
no significant changes. The IR absorption peak position for S i - - N stretching (830 cm ~) shifted to smaller wave numbers
after ion beam irradiation, while the S i - - H stretching (2160 cm -~) shifted to the opposite direction. The peak position for
N - - H (3360 cm- 1) shows no noticeable changes. Normalized peak area for the S i - - N (830 cm ] ) stretching increased after
ion beam irradiation. The S i g h peak (2160 cm- 1) area decreased slightly. The N - - H peak (3360 cm- 1) area decreased
significantly. A recombination mechanism of the N and H radicals with excess Si radical coming from S i ~ S i bonds in
St-rich silicon nitride films has been suggested to explain the IR absorption spectral changes which have occurred due to
ion beam irradiation.

Introduction
Silicon nitride thin film deposited by plasma enhanced
chemical vapor deposition (PECVD) is one of the most
promising materials for semiconductor device technologies. Because of its hardness, chemical inertness, and low
temperature adaptability, it can be used as passivation layers, intermetallic dielectrics, diffusion barriers, and thin
gate dielectric materials in microelectronics. 1-3 The film
properties depend on the details of the deposition process
and condition, i.e., reaction chamber design (direct or remote plasma system), reactant species, gas flow rates,
chamber pressure, and substrate temperature, etc. 4-9
Generally, the PECVD silicon nitride films are referred to
hydrogenated amorphous silicon nitride (a-Si=NyH~).
Rutherford backscattering (RBS) can be used to determine
atomic density 1~and infrared (IR) absorption spectroscopy
can be used to analyze the bond structure. ~-~3 They are
useful methods to study the hydrogenated amorphous silicon nitride filmsY 4 Other techniques such as energy recoil
detection (ERD) and nuclear reaction analysis (NRA) are
used for the quantitative analysis of hydrogen atom that is
difficult to analyze using most traditional methods. ~5 The
number of hydrogen atoms in films obtained by these MeV
ion beam techniques can be used for calibrating the IR
absorption cross sections of the hydrogen-related bonds in
the IR spectrum. ~6,~7
It is known that MeV ion beams break hydrogen related
bonds such as Si--H and N--H. i~ However, the details of
the changes in chemical structure during high-energy ion
beam irradiation to the hydrogenated silicon nitride film
has not been reported previously. We have found that similar bond breaking effects, particularly the loss of hydrogen,
occurred due to the irradiation of ion beam and electron
beam during ERD and Auger analysis, respectively. These
undesirable losses of the hydrogen count during exposure
of a high energy probe lead to a serious analytical error. The
bond breaking and annealing effects due to ion beam irradiation for PECVD
silicon nitride films during ERD analysis are presented based on detailed information on the
chemical bond changes obtained using Fourier transform
infrared (FTIR) spectroscopy.

Experimental
Hydrogenated silicon nitride films were deposited on Si
and GaAs wafers by using a parallel plate PECVD
reactor
(IPL, 3000). Substrate temperatures used for the film deposition were 200, 300, and 400~
Flow rates of the Sill4,
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NH3, and N2 gases were 10, 30, and 50 SCCM, respectively.
The Sill4 gas was diluted by ten times in volume ratio with
argon. The RF power and RF frequency were 300 W and
13.56 MHz, respectively. The chamber pressure for film
deposition was 700 mTorr. Initial thickness of the films deposited at 200, 300, and 400~ were measured as 2511,
2118, and 1740 A, respectively, using an ellipsometer
(Rudolph, AutoEL-3).
The ERD and RBS measurements were performed with
an RBS spectrometer (CE&A, RBS 400) equipped with an
ion accelerator (NEC, 3SDH). A 2.5 MeV 4He++ ion beam
with the beam current of 10 nA was irradiated through a
3 • 10 ~2 cm 2 slit into the target. The target was located in
a vacuum chamber of 1 • 10 -6 Torr at room temperature.
The sample was placed at an angle of 15 ~to the beam. Two
detectors were placed at 30 and 165 ~to detect forward scattered protons and backscattered He ions, respectively. The
primary 4 H e ++ ion dose was 500 ~C/cm 2. The ERD and RBS
signals were recorded every 10 ~C/cm 2 of the ion dose to
observe the loss of hydrogen counts induced by the ion
beam. The numbers of St, N, and H atoms per unit area
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Fig. I. Average ERD counts for the hydrogenated silicon nitride
films deposited at 200, 300, and 400~ The film thicknesses are
2511, 2118, and 1740 A, respectively.
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were determined from the peak areas of the RBS and ERD
spectra for the films deposited on Si wafer. A low pressure
chemical vapor deposition (LPCVD) silicon nitride deposited on Si wafer was used for calibrating the cross sections of Si and N peak areas on the RBS spectrum. A spincoated polystyrene film on Si wafer was used for calibrating H peak area on the ERD spectrum.
The IR absorption spectra of the samples before and after
ion beam irradiation were obtained by using a vacuumtype single beam instrument FTIR spectrophotometer
(Bomem, DA-8) with a mercury cadmium telluride detector. The IR absorbanee was measured as a ratio of the transmitted beam intensities of the GaAs wafers with and without the silicon nitride film. The instrumental resolution
was 4 cm i and the spectral range was 400-4000 cm i. All
the IR spectra were manipulated by using a Bomem-Calc
FTIR software (Spectra Calc. w2.21," Galactic Industries
Corp.) which is capable of including background subtraction and peak deconvolution.

Results and Discussion
Accumulated ERD counts for the hydrogenated silicon
nitride film are observed during 2.5 MeV He ++ ion beam
irradiation. The results are plotted in Fig. I as a function of
the ion dose. The films deposited at 200 and 300~ show a
significant decrease in the ERD count with increase of the
ion dose, while the film deposited at 400~ shows no significant changes. The ERD count decreased very rapidly at an

early stage of the ion beam irradiation (dose <5 ~C/cm~),
but the decrease was progressively slow as the beam dose
was raised to 30 ~C/cm 2. The decrease in ERD count was
not significant above 30 ~C/cm 2, where the hydrogen in the
hydrogenated silicon nitride films was not affected by the
ion beam irradiation. Thus, the films reached a limiting
hydrogen concentration at which the structure seemed to
be stable. The hydrogen loss did not follow a simple firstorder decay kinetics, but the limiting hydrogen content was
markedly dependent on the film deposition temperature.
The film deposited at the lowest temperature had the
highest concentration of hydrogen.
Among the samples, the one deposited at 200~ shows
the fastest initial decrease in hydrogen concentration.
The hydrogenated silicon nitride film may be considered
to consist of framework bonds such as ~ S i - - N = and
~ S i ~ S i ~ , etc., and hydrogen-related terminal bonds such
as ~ S i - - H and = N - - H . Highly hydrogenated films may
possess a coarse framework structure. For films that have
such coarse frame work structure, it is considered that the
hydrogen atom can easily be diffused out of the film after
released by the ion beam irradiation. The slow decrease of
hydrogen content at high dose suggests that the film
reaches more refined framework structures as the ion beam
dose increases.
The ERD count can be extrapolated to zero dose. Since
the hydrogen content is proportional to the ERD counts,
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Fig. 4. (o} The maximum peak positions and (b) overall peak areas
for the hydrogenated silicon nitride films, before and after ion beam
irradiation, according to the deposition temperature.

Fig. 6. {a) The maximum peak positions and (b) peak areas of the
Si--H stretching bands for the hydrogenated silicon nitride films,
before and after ion beam irradiation, according to the deposition
temperature.

the number of hydrogen atoms present in the original sample can be determined by calibrating the zero dose ERD
count with that of a standard sample with known hydrogen
density and film thickness. In the present work, a
polystyrene film with density 4.99 • 1022 H atoms/cm 3
and thickness 3410 A has been used as standard for this
purpose.
Figure 2 shows IR absorption spectra of the hydrogenated silicon nitride films deposited at 200 and 400~
The spectra were background-subtracted
and normalized
by the initial film thickness. Five main absorption bands
are observed: Si--N stretching (850 cm-1), N--H deformation (1170 cm-1), N(--H)2 deformation (1530 cm-~), Si H
stretching (2160 cm i), and N--H stretching (3350 cm-1).

The peak heights represent relative densities of the corresponding chemical bonds in the film. Dividing the integrated band areas by the IR absorption cross sections, we
estimate the numbers of Si--H and N H bonds. According
to our previous work, 17 the IR absorption cross sections for
the SigH (2160 cm -I) and N--H (3350 cm -I) are 9.4 •
10 -18 cm 2 and 6.0 • i0 -IB cm 2, respectively. The atomic density obtained from RBS and the bond density from the IR
spectrum are presented in Table I.
Figure 3 shows detailed IR absorption spectra in the
range of 600-1400 cm -~. Four absorption bands for asymmetric Si--N stretching (830 em -I, i000 cm-1), N-H deformation (1170 cm-1), and Si(-H)2 deformation (920 cm -I)
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Table I. Atomic and bond densities of the hydrogenated silicon nitride films before and after ion beam irradiation. All of the atomic and
bond densities are estimated from the numbers of atoms and bonds in unit area, respectively, dividing by the initial film thickness.
Before irradiation

Deposition
temperature
200~
300~
400~

[Si]~

3.10
3.28
3.74

[N]~

After irradiation

[H]b
[Si~H]~
+-- 10~2/cm3 --~

3.12
3.23
3.33

4.09
3.23
2.49

2.09
1.86
1.55

[N--H]~

[H]b
Si/N

1.89
1.42
1.13

0.99
1.02
1.12

2.09
2.40
2.49

[Si--H]~
~-- 1022/cm3 -~
1.51
1.53
1.43

[N--H]~

0.53
0.42
0.45

a [Si] and [N]; measured by RBS.
b [H]; measured by ERD.
c [Si-H] and [N-H]; measured by FTIR.

can be identified. A small absorption band for asymmetric
Si--O stretching also exists at 1125 cm -1, probably due to
the presence of a surface oxide. According to the IR spectrum, the film as-deposited at 200~
has lower Si--N
stretching and higher N H deformation peak intensity
than the film deposited at 400~ The peak heights of both
the Si-N stretching and N-H deformation bands decrease
after high energy ion beam irradiation. However, the overall peak area for the Si-N stretching bands increases because the band width increases more than the height
decrease.
From the IR absorption spectra shown in Fig. 3, the maximum peak positions near 830 cm 1 and integrated peak
areas of the Si--N stretching bands were obtained. The
peak position and peak area for the samples before and
after ion beam irradiation are plotted according to deposition temperature in Fig. 4.
The peak position of the Si--N stretching bands (Fig. 4a)
decreases against the deposition temperature. This chemical shift seems to be caused by the differences in the film
structure due to variation of the film composition, i.e., the
Si/N ratio and H content (see Table I). The peaks also shift
to the smaller wave numbers after ion beam irradiation.
It is noteworthy that the hydrogen content of the film
after ion beam irradiation is lower than that of the as-deposited film.
The peak area in the range of 710-1080 cm -~ is used to
investigate differences of the Si--N bond density among
various samples. Although the Si(--H)2 deformation band
overlaps in the same region, the effect of overall peak area
due to the variation of this inseparable band intensity is
very small. The overall peak area increases with increasing
deposition temperature as shown in Fig. 4b. Since the film
deposited at high temperature has high film density and a
small amount of hydrogen atoms, the film is expected to
have high density of Si--N bond. The Si N peak area also
increases after ion beam irradiation. The increase of peak
area for the film deposited at low temperature is greater
than that for the film deposited at 400~
This is due to
relatively high initial hydrogen content and a rapid loss of
the hydrogen during ion beam irradiation. The formation
of additional Si N bonds seems to come from free Si and
N radicals when Si H and N--H bonds are broken during
ion beam irradiation. Although the IR peak broadening induced by ion beam irradiation also appears for Sign
stretching band of the film deposited at 400~
(see Fig. 3),
the difference in the overall peak areas before and after ion
beam irradiation is small as shown in Fig. 4b. Therefore,
the number of Si--N bonds recombined in this film is same
as that of the Si--N bonds broken due to ion beam. Moreover, the formation of additional Si--N bonds.from the deformation of the hydrogen related bonds seems to be very
small in this film. This result agrees well with the saturation feature in the ERD count during the ion beam irradiation for the film deposited at 400~ as shown in Fig. I.
Detailed IR absorption bands for the Si--H stretching for
our samples are shown in Fig. 5. Bustarret et al. 18 investigated the Si H stretching band for hydrogenated silicon
nitride films using summation of several Gaussian contributions which were assigned with first neighbor atomic
configurations. They concluded that the Si--H stretching

bands for the heavily hydrogenated, and nearly stoichiometric a-S%NyHz films could be described by three components such as N3Si--H (2220 cm-1), HN2Si--H (2175 cm-1),
and SiN~Si--H and HSiNSi---H (2140 cm 1). As shown in
Fig. 5, the m ax i m u m peak positions of the S i - - H stretching
bands for the samples are observed within the range of
2150-2170 cm -~. Therefore, it is believed that the major
components existing in the samples are the three components as mentioned before. In addition, minor contributions from a high order of the silicon neighbor atomic configuration such as NSi2Si--H and HSi2Si--H, etc., are also
considered to be present at the wave numbers below
2085 cm-L
In general, for PECVD silicon nitride films, the wave
number at m a x i m u m peak for the S i - - H stretching band
increases against decrease of the Si/N ratio and hydrogen
content. Figure 6a compares m a x i m u m peak positions of
the S i - - H stretching band for the as-deposited films with
those after ion beam irradiation. Although the Si/N ratio
increases with the deposition temperature as in Table I, the
Si---H stretching band shifts to higher wave numbers as the
deposition temperature increases. This tendency may be
caused by a considerable decrease of the hydrogen content
in the film upon deposition at high temperature. The Si H
stretching band also shifts to the higher wave numbers following the ion beam irradiation. This is probably due to the
formation of additional S i - - N bond subsequent to the formation after the ion beam induced bond breaking.
The normalized S i - - H peak areas for the films before and
after ion beam irradiation are plotted according to deposition temperature in Fig. 6b. The peak areas for the as-deposited film decrease against the deposition temperature,
but slightly decrease after ion beam irradiation. For the
films deposited at 300 and 400~ there is a considerable
band shift due to ion beam irradiation. However, the peak
area does not change, and the hydrogen content in the film
deposited at 400~ does not change due to ion beam irradiation. The peak shift without variation of the S i g h bond
density or the hydrogen content strongly indicates significant changes in the frame bond structure.
Figure 7 shows the IR absorption spectra in the range of
3100-3600 cm t. The symmetric and asymmetric N--H
stretching bands are observed at 3350 (medium intensity)
and 3460 cm -I (week intensity), respectively. The slow slope
in the range of 3150-3320 cm -~ is unusual and likely to be
due to hydrogen bonding between the H atoms in the N--H
bonds and lone-pair electrons on nearby N atorns. Even if
there are variations in the hydrogen content and the film
structure, the peak position and the band shape for the
N--H stretching do not show any considerable changes.
The peak area for the N H stretching bands significantly decreases against the film deposition temperature,
as well as ion beam irradiation as shown in Fig. 8. The
decrease of the N H stretching band area after ion beam
irradiation is much larger than that of the Si--H stretching
band. Namely, a considerable number of the N--H bonds
are removed from the film framework during ion beam irradiation, while the same amount of the Si--H bond exists
nevertheless in the ion beam induced bond breaking. This
difference cannot be completely explained by the differences in the bond strength. ~9'2~Since the ion beam used in
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this experiment has enough energy to break such chemical
bonds, the number of broken bonds would insignificantly
vary with the bond strength. Hence, it can be suggested
that this remarkable difference is due to the presence of
excess S t - - S t bonds in the silicon-rich silicon nitride film.
When the excess S t - - S t bonds are present in the film, Si
radicals can be generated from both the S t - - S t and S i - - H
bonds 9 At the same time, N and H radicals are likely to form
duringAon beam irradiation and subsequently recombine
with the Si radicals. This may explain why the number of
Si N bonds increases while the number of S i - - H bonds
does not change and the number of N - - H bonds significantly decreases.

Conclusions
In order to investigate the annealing effects during ERD
analysis, chemical bonds in a hydrogenated silicon nitride
film have been studied using FTIR spectroscopy.
From a decrease in the ERD count with the ion beam
dose, we conclude that the hydrogen atom in the films deposited at low temperature easily diffuses out of the film
due to the annealing effects after the chemical bonds are
broken.
The IR absorption peak positions and normalized peak
areas for S i g N stretching (830 cm-1), S i - - H stretching
(2160 cm-1), and N - - H stretching (3360 cm -1) bands were
also observed for the films before and after ion beam irradiation. We have found significant changes in the peak position for S i - - N and Si H bands and peak area for N - - H

E
fJ

broken bonds generated by the ion beam. In the case of the
St-rich silicon nitride film, the SigN and Si H bonds are
likely to be regenerated by recombination of N and H radicals with excess Si radicals.
Manuscript submitted Nov. 16, 1994; revised manuscript
received May 31, 1995.
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