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Si-C-N thin films were deposited on silicon substrates by plasma-enhanced chemical vapor deposition
(PECVD) using hexamethyldisilazane as the main precursor. An influence of substrate temperature (Ts) on
film properties was analyzed. It was established that the deposited films were x-ray amorphous. The
growth of the films slows down with increasing substrate temperature. The distribution of Si—C, Si—N and
C-N bonds were almost independent of Ts, whereas the number of C—H, Si—H and N—H bonds essentially
decreased when substrate temperature increased. The nanohardness and elastic modulus increased with

Ts due to a reduction of the weak hydrogen bonds.
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1. INTRODUCTION

The investigation of Si-C-N films shows that nano-
hardness (H) can change from 6 to 40 GPa depending
on deposition procedure [1-7]. Amorphous hydrogenat-
ed Si-C-N films that are deposited using photo-CVD
(Photo-chemical vapor deposition), PECVD (Plasma-
enhanced chemical vapor deposition), ECR-CVD (Elec-
tron cyclotron resonance - chemical vapor deposition)
[1,3] demonstrate the lowest values of nanohardness 6-
11 GPa [2,4,5]. The highest values of nanohardness are
reached for the films prepared by high-temperatures
(more than 1000 °C) CVD (Chemical Vapor Deposition)
(27-38 GPa) [1,3] and PVD (Physical Vapor Deposition)
(25—40 GPa) [8]. The films usually have the amorphous
structure, while the nanocrystalline or polycrystalline
films are prepared at extreme deposition parameters
(for en example, at high deposition temperatures >
1000 °C). In the literature, the values of nanohardness
(H) and elastic modulus (E) of the Si-C-N films are of-
ten reported in the range of 18-25 GPa and 110-200
GPa, respectively [2-7]. The influence of the main pa-
rameters of PECVD on the structural and mechanical
properties of Si-C-N films was studied by us earlier. In
particular, the influence of discharge power [9], nitro-
gen flow rate [10], substrate bias voltage [11], substrate
temperature [12] and vacuum annealing [13] on film
characteristics were analyzed. The maximum values of
nanohardness and elastic modulus were 25 GPa and
200 GPa, respectively [9-12].

In this work we continue the investigation of Si-C-N
films to reach larger values of the hardness of the Si-C-
N films preserving their amorphous structure. The lat-
ter is very important, because amorphous films are
more resistant to oxidation than nanocrystalline ones.
We increased substrate temperature to 700 °C as com-
pared to the maximum 7Ts = 400 °C used in Ref. [12].
The deposited films were characterized by X-Ray dif-
fraction, FTIR spectroscopy and nanoindentation.
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2. EXPERIMENTAL DETALIES

Si-C-N thin films were deposited with using high-
frequency plasma-chemical equipment on base of
“VUP-5” (Ukraine). The main discharge was excited by
high-frequency (HF) generator (40.68MHz). Hexame-
thyldisilazane (HMDS, (CHs)6Si2NHN) was used as a
main precursor. The HMDS vapor, produced in a ther-
mostated bubbler heated to 40 °C, was transported into
the reaction chamber by hydrogen. Substrate bias was
produced by a HF generator (5.27 MHz). The films were
deposited on polished Si(001) substrates.

The films were deposited at different substrate
temperatures T's = 300, 400, 500, 650 and 700°C and at
fixed other deposition parameters: substrate bias -
250V, gas mixture pressure in the reactor 0.2 Torr,
discharge power Pw= 0.2 W/cm?, flow rate of hydrogen
through the thermostated bubbler with HMDS
Fu+vps = 12 scem, nitrogen flow rate Fne = 1 scem.
Deposition time was 60 min.

X-ray diffraction (XRD) investigations of the films
were carried out by using a diffractometer “DRON-3M”
(Ukraine). The chemical bonding was studied by Fouri-
er traform infrared spectroscopy (FTIR) with the help
of a spectrometer “FSM 1202” LLC “Infraspek”
Nanoindentation was carried out with the help of a
device G200 equipped with the Berkovich indenter.
Nanohardness (H) and elastic modulus (E) were deter-
mined using the Oliver and Pharr procedure [14]. The
thickness of the films was estimated by an optical pro-
filometer "Micron - alpha" (Ukraine). The film thick-
ness approximated 0.8 pm, and slightly decreased with
increasing T's.

3. RESULTS AND DISCUSSION

The XRD analysis showed that there are no any
crystallites in the deposited films (not shown here). It
follows that they are X-Ray amorphous.

Fig. 1 shows the substrate temperature influence on
the deposition rate of Si-C-N films. The increase of Ts up
to 400°C leads to noticeable increase in deposition rate,
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which can be connected with additional thermal stimula-
tion of chemical reactions on the surface of the substrate.
A further increase of T's leads to decreasing deposition
rate due to the predominance of the densification process
due to hydrogen effusion from films and sputtering the
weakly bonded units from the film surface.

In Fig. 2 we present the dependences of nanohard-
ness and elastic modulus of the films deposited at dif-
ferent Ts as functions of indenter penetration (L). It is
clearly seen that the elastic modulus is more sensitive
to substrate than nanohardness: E reaches the maxi-
mum values at the indentation depth ~ 25 nm, and
then decreases with further increasing L.
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Fig. 1 — Dependence of Si-C-N film deposition rate (V) on sub-
strate temperature (TS).
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Fig. 2 — Nanohardness (H) and elastic modulus (E) as func-
tions of indenter penetration (L).

In Fig. 3 we show the value of H and E of the depos-
ited films as functions of Ts. These values were deter-
mined as the maximum values in the dependences
shown in Fig. 2. From Fig. 3 it is clearly seen that H
and E increases with 7’s.
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The analysis of the properties of Si-C-N films [9-13]
shows that the mechanical characteristics are very sen-
sitive to substrate temperature. On the other hand, the
mechanical properties depend on the chemical bonding.
In this work, we investigate the character of chemical
bonding of the deposited films using the FITIR spec-
troscopy.
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Fig. 3 — Nanohardness (H) and elastic modulus (E) as func-
tions of substrate temperature (7's) .

The FTIR absorption spectra of the Si-C-N films de-
posited at various substrate temperatures are present-
ed in Fig 4a. The absorption bands were identified on
the basis of published data [17-24]. In the FTIR spec-
tra, the dominant absorption broad band in the range
of 600-1300 cm™ and four absorption bands in the
range 1300-3500 cm™! are observed. The preliminary
analysis shows that the dominant absorption band can
be interpreted as vibrations of Si-C (610-877 cm™) [24],
Si-N (950-1000 cm™) [23] and Si-O (1000-1030 cm™?)
[18] bonds. Absorption bands in the range of 1300-3500
cm™! can be attributed to vibrations of C-C bonds at
1555 em™1, C-N [18] and/or Si-H [20] bonds at 2130
cm™1, as well as vibrations of hydrogen bonds C-H [21]
and N-H [19,20] at 2877 cm™! and 3375 c¢cm™!, respec-
tively. It is easy to see that the intensity of hydrogen
bonds in the range of 1550-3500 cm! gradually de-
creases with increasing substrate temperature, while
the change in the main absorption band at 600-
1300 cm™ is barely visible. In order to analyze the con-
tributions of different vibrations to this band and their
evolution with substrate temperature we present the
main absorption band as a superposition of three
Gaussians. Fig. 4b shows the results of decomposition of
the FTIR spectra in the range of the main absorption
band into Gaussian components. The chosen area is rep-
resented by three components, and, for ease perception, it
is inversed relatively to the horizontal axis. Given the
band identifications [10], the Gaussian components can be
assigned to vibrations of Si-C [24], Si-N in SisN4 [16] and
Si-O [25] bonds (cf. Fig 4b). The total area of the Gaussian
peaks is practically independent of substrate temperature.
It is seen that Si-C bonds are predominant. Also, besides
the mentioned vibrations, the following vibrations related
to hydrogen bonds can contribute to the main absorption
band: vibrations of (SiHg)» bonds with peak at 915cm1,
Si—H bonds at 978cm~! and a-SiC-H and C—Hn bonds at
990 cm™! [16[. Unfortunately, the analysis of hydrogen
bonds within the main absorption band is practically im-
possible owing to the presence of the intensive vibrations
of Si-C, Si-N and Si-O bonds in this absorption region.
Nevertheless, we can assume that the reduction of
Gaussian peak at 975 cm™ with increasing of substrate
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Fig. 4 — FTIR absorption spectra of the films deposited at different substrate temperatures 7's = 300-700 ° C (a). Results of the
decomposition of the main absorption band by three Gaussian components (b).

temperature is due to hydrogen effusion. We note a
tendency to reducing the intensity of the vibrations of
hydrogen bonds at 2130, 2877 and 3375 cm'! with in-
creasing Ts. In our PECVD technologies, hydrogen is a
plasma gas, and therefore its content is very high in
the films deposited at low T's. A moderate substrate
temperature (less than 500 °C) leads to formation of
hydrogenated structure of the Si-C-N films that is
characterized by the presence of Si-H, C-H and N-H
bonds. The hydrogenated structure promotes the for-
mation of the pores that leads to decreasing film densi-
ty, and to the deterioration of mechanical properties.
So, the films deposited at low T's will exhibit low hard-
ness due to the hydrogenated porous structure. At
higher substrate temperatures, the formation of hydro-
gen bonds slows down, which leads to the formation of
the denser structures, and in turn, to strengthening of
the films.
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4. CONCLUSIONS

1. Amorphous Si-C-N films with the thickness of
0.6 - 0.80 um were deposited on silicon substrates by
PECVD using the liquid precursor - hexamethyldisi-
lazane.

2. An increase of substrate temperature (above 400 °
C) slows down film growth.

3. The nanohardness and elastic modulus of amor-
phous Si-C-N films increase from 13 to 33 GPa and
from 120 to 360 GPa, respectively, when substrate
temperature increases from 300 to 700 °C

4. The observed increase in the mechanical charac-
teristics of amorphous Si-C-N films can be explained by
decreasing the number of hydrogen bonds Si-H, C-H,
N-H, since the number of Si-C and Si -N bonds is prac-
tically independent of substrate temperature.

5. The deposited high temperature amorphous Si-
C-N films can be recommended as wear resistant coat-
ings in MEMS.
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