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The inductively coupled plasma chemical vapor deposition (ICP-CVD) deposited silicon nitride (SiN,) thin film was
evaluated for its application as the electrical insulating film for a capacitor device. In order to achieve highest possible
dielectric strength of SiNj, the process parameters of ICP-CVD were carefully tuned to control hydrogen in SiN, films by
means of tuning N,/SiH4 ratio and radio frequency (RF) power. Besides electrical measurements, the hydrogen content in
the films was measured by dynamic secondary ion mass spectrometry (D-SIMS). Fourier transform infrared spectroscopy
(FTIR) and micro Raman spectroscopy were used to characterize the SiN, films by measuring Si—-H and N-H bonds’
intensities. It was found that the more Si—H bonds lead to the higher dielectric strength.

Keywords: dielectric strength, silicon nitride film, inductively coupled plasma chemical vapor deposition

(ICP-CVD), hydrogen content
PACS: 81.15.Gh, 85.30.—z, 88.20.ftn

1. Introduction

Silicon nitride thin films are widely used in large-scale
integrated circuits and semiconductor devices,!! such as opto-
electronics, microelectronics, and so on, 2! because of their ex-
cellent photoelectric performance, mechanical and passivation
properties.*) Demands for high-k films are becoming more
and more urgent with the popularization of IC manufactur-
ing process.[*! Silicon nitride films fabricated by inductively
coupled plasma chemical vapor deposition (ICP-CVD) have
found many applications in this field as passivation layers."!
The low temperature of the deposition, the higher deposition
rate, the adjustable refractive index, and the higher passivation
quality are all reasons that silicon nitride films are increasingly
supplanting other dielectric layers, such as SiO5.[%! In sum-
mary, silicon nitride layers are likely to lower the production
costs and increase the efficiency of microcircuit.!”}

Due to the continuous shrinking of integrated circuits
in the field of microelectronics,!® the tunneling current is
too large and the gate control force is reduced.l’! The tra-
ditional silicon dioxide dielectric layer no longer meets the
needs of microelectronic devices,[®! so high breakdown volt-
age materials to replace the gate dielectric layer with low
breakdown voltage have become another research hotspot in
the world. '] Regarding the preparation of high breakdown
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voltage films, the high breakdown voltage materials have

(3121 for example, the dielectric constant

many requirements,
must be as large as possible, and the dielectric material must be
thermodynamically stable on the silicon substrate.[®%13] The
current research work on breakdown strength has been carried
out on PECVD/LPCVD,!!%!4] byt this experiment uses ICP-
CVD model to prepare silicon nitride film, which can provide
more energy, promote the decomposition of reaction gas, and
make a film with greater breakdown strength.

The hydrogen content in the silicon nitride film greatly
affects the breakdown strength of the film.l'>! Among the
components of the film, the Si-H bond plays a fundamental
role in the composition of the film. As the hydrogen content
in the film changes, the electrical properties of the film will
change.[%1171 When the hydrogen content in the film is high,
the dangling bonds of silicon will be filled with H, which will
increase the stability of the film and increase the breakdown
strength.!'® However, regarding the relationship between the
H content and film breakdown voltage, few experiments have
been carried out on ICP-CVD machines, and the conclusions
are not perfect, so our experiment uses ICP-CVD machines for
film deposition. 1%-20]

In this article, we changed the gas flow ratio and RF
power to deposit silicon nitride films with different hydrogen
contents. First, the deposition rate of the silicon nitride film
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was measured to reflect the growth state of the film. Then,
the composition of the film was obtained by Fourier transform
infrared spectroscopy (FTIR) and Raman spectroscopy. Com-
bining the dielectric strength of the film, we can obtain the
relationship between the hydrogen content of the film and the
dielectric strength, which is of great significance for the con-
trol of the dielectric strength of the silicon nitride film.

2. Experimental procedure
2.1. Sample preparations

For all experiments, double-side polished, p-type (boron
doped, > 50 Q-cm) (100)-oriented single-crystalline 4-inch
silicon wafers have been used as substrates, with a thickness of
350+ 15 um.?!1 Before the film is deposited, the substrate is
wiped with alcohol to remove the dirt on the surface to ensure
the accuracy of the experiment.

Table 1. Run list and results.

Parameter set RF (W) Ry, /siny Thickness (nm)
Al 25 0.7 198
A2 25 0.8 193
A3 25 0.9 206
A4 300 0.7 199
AS 300 0.8 198
A6 300 0.9 208
A7 300 1 198
A8 400 0.7 203
A9 400 0.8 207

Al0 400 0.9 197

The deposition experiments were performed using a Leu-
ven Instruments 3111 System ICP-CVD downstream reactor,
with an additional capacitively coupled RF plasma source con-
nected to the substrate electrode. Both plasma sources operate
at a frequency of 13.56 MHz, whereas only the ICP source
was activated during the deposition. The process chamber
was evacuated to a base pressure of 15 mTorr, before N> and
Ar were introduced together with SiHy via a gas distribution
ring arranged next to the substrate electrode. The experimen-
tal plan is shown in Table 1. By adjusting the process condi-
tions, it is ensured that the film thickness of the experimental
samples is basically the same (about 200 nm), and the differ-
ence in film thickness is controlled so that the thickness will
not become a factor affecting the breakdown voltage. The RF
power was controlled at 25 W, 300 W, 400 W. On the other
hand, under the same RF conditions, we controlled the ratio
of N»/SiHy at 0.7, 0.8, 0.9, and 1.0, so that silicon nitride with
different hydrogen content can be obtained. All depositions
were performed at a substrate temperature of 150 °C. In or-
der to reduce the deviation of the results, the first few samples
of the machine were not recorded, and the experimental sam-
ples were made when the equipment was stable. And when
the process conditions change, repeat the experiment first, and

then make the samples when the machine adapts to the exper-
imental conditions.

2.2. Analysis methods

The thickness d and refractive index n (at A = 632.8 nm)
of the deposited thin films were determined using the spectral
reflectance method. The measurements were conducted with
a SpecEI-2000 spectroscopic ellipsometer, which determines
the reflectance between 400 nm and 1000 nm. FTIR mea-
surements on a SHIMADZU IRAffinity-1 infrared spectro-
scope in transmission mode between 350 cm~! and 7800 cm ™!

1

with a resolution of 0.5 cm™" were carried out to investigate

the chemical composition of the films. The infrared spec-
trum of a blank silicon wafer was taken as reference. After
baseline correction of the measured spectra, the absorption
peaks were normalized by the film thickness and by the height

of the silicon lattice absorption peak at 610 cm™!

, assuming
an equal thickness of the substrates. Room temperature Ra-
man spectra were obtained by a Raman spectrometer (Horiba,
LABRAM HR EVO) using a wavelength of A = 633 nm laser
to investigate the micro-structural composition of SiN, films.
The hydrogen content was measured by D-SIMS equipment
(CAMECA 7f-auto) at about 200 nm in the SiN, films.

The dielectric strength was measured by applying a
ramped voltage across the dielectric film. The film was de-
posited on a conductive bottom layer together with a metal
layer deposited on top of the deposited film. The metal layer
was patterned either through a shadow mask or by lift-off to
form small test pads (0.05 x 0.05 mm). The voltage was then
ramped up until a high current peak was observed, which is
the breakdown of the film.[??!

3. Results and discussion
3.1. Deposition rate

First, ICP power has a very important influence on the
film deposition rate.[3] As can be seen from Fig. 1, when the
ICP power is 25 W, 300 W, 400 W, the deposition rate of the
film will increase with the increase of the RF power. However,
when the ICP power is 25 W and the N»/SiH ratio is 0.7, 0.8,
0.9, the film deposition rate is 70.6 nm/min, 72.8 nm/min, and
75.7 nm/min, respectively. The increase is not obvious, indi-
cating that the energy transport conditions are not reached, and
the reaction of film deposition is not sufficient. When the ICP
power is 300 W and 400 W, the film deposition rate increases
significantly with the N»/SiH4 ratio, which indicates that the
ICP power above 300 W can already meet the current reaction
and can provide good film deposition energy.

Another factor that affects the deposition rate is the gas
flow ratio. The gases participating in the reaction in our exper-
iment are N> and SiH4. Argon mainly plays the role of bom-
barding the plasma, but does not participate in the reaction of
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the experiment. Therefore, the ratio of N»/SiHy has a very im-
portant effect on the reaction.*! It is worth noting that when
the N»/SiHy ratio is 0.7 and the ICP power is 25 W, 300 W,
400 W, the film deposition rate is 70.6nm/min, 72.4 nm/min,
and 75.4 nm/min, respectively, and the deposition rate does
not change much. The material transportation conditions in
thin film deposition are limited, and the reaction of thin film
deposition is not sufficient. When the ratio of N»/SiHy is 0.8,
0.9, the film deposition rate is very obvious with the increase
of the ICP power, which can indicate that the ratio of N,/SiHy
above 0.8 can meet the current reaction and can provide suffi-
cient gas supply.

140
— —s—RF =25 W
7 130F ——RF =300 W
s ——RF =400 W
g 120}
2
< 110F
g
S 100F
5
:‘E 90
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a  80f
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70}
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Fig. 1. Variation of deposition rate under different RF power and
N»/SiHy ratio.

3.2. Chemical analyses

The conditions in Table 2 were used to deposit film sam-
ples A4, A5, A6, and A7. It can be seen from the FTIR di-
agram that when the flow ratio of N,/SiHy is changed, the
chemical composition of the film also changes dramatically.
In Fig. 2, the absorption peak of the film is marked, from
which the chemical bond density of the film and the chem-
ical composition of the film can be known. First, the Si-H
bond increases sharply with the increase of the N,/SiHy ra-
tio. When the proportion of N, increases, the concentration of
SiH4 cannot keep up with the reaction concentration of Ny, the
decomposition rate of SiH4 in the chamber will be suppressed,
and the residual H will increase, which will make up for the Si
dangling bonds of the SiH4 during the reaction, thus the Si—
H bond density will increase. The Si dangling bonds on the
SiHy4 film are filled with H, which makes the film more stable,
so that when electrons pass through the film, it is not easy to
produce defects and be broken down, so the dielectric strength
of the film is increased. Therefore, the dielectric strengths of
A4, AS, A6, and A7 measured by the experiment increase se-
quentially, which is in line with theoretical expectations and
can prove our conjecture. At the same time, the obvious peaks
of the N-H bond and O-H bond of the A6 sample also indi-
cate the increase in the H content in the sample, the increase
in the probability of binding to N and O atoms, and the overall

H bond density reaches the maximum. Finally, the Si—O and
Si—N bonds of the A4, AS, A6, and A7 samples increase in
turn, because the deposition speed of the film is accelerated,
the formation of silicon nitride film increases, and the concen-
tration of Si involved in the reaction also increases, making
the film rich in silicon. This increases the refractive index and
increases the overall stability of the film.

Table 2. Influence of the gas ratio on the infrared absorption peaks.

Parameter set LRF (W) N, (sccm) SiH4 (sccm) R, /siny
A4 300 32 45 0.7
AS 300 36 45 0.8
A6 300 41 45 0.9
A7 300 45 45 1
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Fig. 2. FTIR data of SiN; films.
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Fig. 3. Micro Raman spectra of AS, A6, A7. The inset shows the gen-
eral scan.

Micro Raman spectroscopy (Fig. 3) was used to confirm
the phase of the deposited silicon nitride. The general scans
for A5, A6, A7 samples are shown in the inset. Sharp peak at
520 cm™! is of Si (substrate used for deposition) with peaks
around 950 cm~! confirming the presence of SiN,. It can be
seen from the figure that the intensity of Si—N bonds of the A5,
A6, and A7 samples increases sequentially, and it can be con-
cluded that as the N,/SiH4 flow ratio increases, the deposition
concentration of silicon nitride increases. It is mutually con-
firmed with the conclusion drawn in FTIR that the intensity of
Si—N bonds in the film increases, and the stability increases
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correspondingly, thereby increasing the dielectric strength of
the film.

3.3. The hydrogen content in the films

In order to obtain the distribution of hydrogen in the film,
D-SIMS equipment was used to measure the hydrogen content
in the silicon nitride film (as shown in Fig. 4). In the depth
range of 0—100 nm, the hydrogen content of A5, A6, and A7
samples has little difference. Because in the shallow layer of
the film, the gas flow has little effect on the deposition of the
film, and a sufficient amount of gas can deposit silicon nitride
films with almost the same composition and chemical bonds.
At the depth of 100—120 nm, the hydrogen content of the AS
sample begins to drop sharply. At this depth, under the exper-
imental conditions of the A5 sample, the nitrogen flow rate is
not enough to completely supply the reaction, the N—H bonds
and Si-H bonds in the film are reduced, and the overall hy-
drogen content is reduced. At the depth of 180-200 nm, the
hydrogen content of the A6 and A7 samples begins to grad-
ually decrease, and the hydrogen contents of the A6 and A7
samples are almost the same. This depth is close to the base of
the film, so the hydrogen content in the film will decrease. Un-
der the experimental conditions of the A6 and A7 samples, the
supply of nitrogen is saturated. Even if the ratio of N/SiHy
is increased, the hydrogen content in the silicon nitride film
cannot be greatly changed. In the end, the hydrogen contents
of the two samples are almost the same.

72
t?E
—— H in A5
¢ 60 — Hin A6
g — Hin A7
S 48
]
2 36
[=]
L 24
2
<
-
=
2 1.2
&)
8
© 0 50 100 150 200
Depth (nm)

Fig. 4. Hydrogen content in the films by D-SIMS.

3.4. Dielectric strength of the film

From Fig. 5(a), we can explore the influence of N»/SiHy
ratio and RF power on the dielectric strength. Based on the
above discussion and the trend in the picture, we can clearly
find that an increase in the proportion of N,/SiHy will lead to
an increase in the dielectric strength. This is mainly because
the increase in N, flow makes the dangling bonds of Si in the
film replenished by H, which increases the ability of the film to
store charges and thus increases the dielectric strength. On the
other hand, increasing the RF power will reduce the dielectric

strength of the film. When the power of the radio frequency in-
creases, the number of holes in the film will increase, and the
stability of the film will decrease, thereby reducing the abil-
ity to store charges, resulting in a decrease in the dielectric
strength. When the RF power is 25 W, 300 W, and 400 W, the
dielectric strength of the film decreases sequentially, this is in
line with our theoretical expectations.

The deposition rate of the film is also closely related to
the dielectric strength.!>! From Fig. 5(b), we can see that as
the deposition rate increases, the dielectric strength of the film
shows an upward and downward trend around 75 nm/min, and
then shows a continuous upward trend after 80 nm/min. In
the initial rising curve, when the deposition rate of the film in-
creases, the material produced is mainly silicon nitride with a
small amount of N—H and Si—H bonds, so the material tends
to be stable and the dielectric strength of the film increases.
With the further increase of the film deposition rate, the Si—-H
and N-H bonds in the film replace more silicon nitride, which
leads to the instability of the material, so the dielectric strength
of the film decreases. With the addition of a large number of
Si—H bonds, the Si—H bonds in the film play a leading role,
thereby increasing the role of H to compensate for the dan-
gling bonds of Si, increasing the film’s ability to store charges
and increasing the dielectric strength of the film.
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Fig. 5. The effect of Ry, /sy, (a) and deposition rate (b) on dielectric
strength.

4. Conclusion

In this work, the RF energy and gas flow are changed to
obtain silicon nitride films with different hydrogen contents.
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The increase of the Si-N bond indicates that the silicon nitride
content of the film is increased, and the film is more stable.
Through the measurement of the dielectric strength of the sam-
ple, it is shown that lower RF power and higher N,/SiHy ratio
will increase the dielectric strength of the silicon nitride film.
Low RF power will increase the hydrogen content in the film,
and hydrogen will not be combined with high energy to be dis-
charged out of the chamber, so the dielectric strength will in-
crease. A high ratio of N»/SiHy not only promotes the increase
of N content in the film, but also increases the probability of Si
bonding to form bonds, thereby forming more Si—H bonds in
the film and increasing the hydrogen content in the film. It can
be seen that increasing the hydrogen content in the film will
increase the dielectric strength of the film, which is of great
significance for the manufacture of films with high dielectric
strength and has a wide range of MEMS applications.
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